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Some Special Features of Organic Polymers
’ 'Gontaining Phosphorus '

V. V. KORSHAK, Institute of Hetero-Organic Compounds, Academy of
» ' Sciences of the U.S.S.R., Moscow, U.S.8.R. o

-Organophosphorus polymers being a new class of compounds, their
systematic study has only recently been begun. This paper deals with some
special properties of o number of organophosphorus polymers which were
prépared by us and compared with properties of similar polymers which do

not contain phosphorus in their molcules. These organophosphorus poly- "

mers belong to the class of polyesters or polyamides. Various alkyl- and
arylphosphinic acids and also dicarboxytriphenylalkyl- or -arylphosphine
oxides were used to prepare the polyesters. The starting phosphorus-
'qont.ainingdicarboxylic acids were of the following two types: 4

(0] (0]
_R—I{L(QH)Z and HOOC—C.—,EL;—IIL—C.-,Hg—COOH
| | | %
where: R= CH;, CICH,, CsH;, C,;H,, and others. However, in view of the
~ low reactivity of these acids, only their derivatives, such as chloroanhy-

drides or dimethylesters, were used. Aliphatic glycols and diphenols were
used as the second component.

Polyesters were also prepared by polycondensation of B-chloroethylesters
of alkyl- and arylphosphinic acids,! and also by po]ymeriza’gion of cyclic
esters of these acids, as it has been formerly described.? The reactions pro-

. ceeding in these two cases are expressed by the following equations:
zR—PO(OCH.CH.Cl)s ————> «CICH,CH,Cl + [—I’DOOCH20H2-—O—~:,

R

Ol
':p(CHz);<O>P—B, _ [—1'>00(CH2)no—~]
R .

To prepare polyamides, dicarboxytriphenylalkyl- and -arylphosphine -

oxides and various aliphatic diamides were used. The reaction of poly-
condensation has been carried out according to a method previously de-
scribed.3 '

Table I summarizes the formulas of some polyesters we have obtained
from alkyl- and arylphosphinic acids and aliphatic glycols with their soften-
ing temperatures. '

TABLE I
. o Softening
Struqtural unit tempem@n@re, °C.
- E 0 oL i =
—%!’—OCHzCHzO— —35

‘

STAT
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De\assmed in Par

Some Special Features of Organic Polymers :
Containing Phosphorus STAT

V. V. KORSHAK, Institute of Hetero-Organic Compounds, Academy of
; Sciences of the U.S.8.R., Moscow, U.S.8.R.

Organophosphorus polymers being a new class of ‘compounds, their

systematic study has only recently been begun.  This paper deals with some

special properties of a number of organophosphorus polymers which were

prépared by us and compared with properties of similar polymers which do

not contain phosphorus in their molcules. These ory h us poly-
mers belong to the class of polyesters or polyamides. Various alkyl- and

arylphosphinic acids and also dicarboxytriphenylalkyl- or -arylphosphine

oxides iere used to prepare, the polyesters. The starting phosphorus

containing dicarboxylic acids were of the following two types:

o
1
r—tom, and Hooc~cﬁa.—1:i—c,ﬂ.70003
R
where: R=CHs, CICH,, CsH;, C;Hy, and others. However, in view-of the
low reactivity of these acids, only their derivatives, such as chloroanhy-
drides or dimethylesters, were used. Aliphatic glycols and diphenols were
used as the second component.

Polyesters were also prepared by pol; ds ion of B-chloroethylester S
of alkyl*'and arylphosphinic acids,’ and also by polymerization of cyclic
esters of these acids, as it has been formerly described.> The reactions pro-.
ceeding in these two cases are expressed by the following equations:

#R—PO(OCH;CH;Cl): —— zCICH,CH,Cl + [7ioocﬁzcﬁz—o~]

(e}
AN
;(CH;),\)/P R*—7|i lTOO(CHg)..D ]
R . .
To prepare polyamides, dicarboxytriphenylalkyl- and -arylphosphine
oxides and various aliphatic diamides were used. The reaction of poly-
condensation has been carried out according to a method previously” de-
seribed.®
Table I summarizes the formulas of some polyesters we have obtained
from alkyl- and arylphosphinic acids and aliphatic glycols with their soften-
ing temperatures.

TABLE T

Softening
Structural unit temperature, °C.
9 —TTT=r = = = )
4 oemomo— 35
Hy
i
—P—OCH;CH:CH.0— -85 -

Hy
1
qLocmcgzcn,cﬂzw =63
Hs
0
—1l~o (CHz)sO— —63
Hy
Q
—{-l’—-() (CH2)10— =35
Hs
1
om0 58
Hy
o

A{IL—O (CH.):0(CHz):0— =50

CH,

TABLE IT

B Softening
Stouctiral unit femperature, °C.

75{*0—@—0— 63
; ijo{}of E

'oHs

—E—O—Q—o— 19

(o]

b
o
~1E~0—Q0— 36

éC.H;.NOz
o

JHFQ(F 63

(J)CnlLOCH:
o

*1‘4’*% 36
L

Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2013/10/24 : CIA-RDP81-01043R002400010005-5



T /. |
{ o - L
Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2013/10/24 : CIA-RDP81-01043R002400010005-5

As will be seen from Table I, these polyesters have very low softening
temperatures. Their outward appearance is that of thick Vaseline-like-
materials. .

Table T summarizes the polyesters of alkyl- and arylphosphinic acids
with such diphenols as hydroqui rcine, and p,p’-dihydroxydi-
phenyl propane. They are solid, elastic, or brittle vitreous substances.
;hexrl melting points are much higher than with polyesters of aliphatic

yeols.

TABLE IIT

i Softening
Structure unit temperature, °C.

o
—co— Q\L7C>~COOCH!CH£O— 190

oHs

‘LQooowﬂ_ o

'oHs

o
_co—<:>—£—c>~coo (CH2):0—"

(o]
_COOi‘Q*COO‘CH”“O*
o

o
—CO0— —%—( >—COO(CHz)100—
oH

9
éco—Qii—Q—COO(cuamo~

'sHs

o
_CO‘_QJLQOOO(CH:

b,

S .
_CO“O_'{ILC>—COO(CHQ¢0—

CH,
o

_CO_Q,{I’)_Q_COMCHQ,OA

CH;
o .
—Co— b > —coocmao—
b,
N o
*CO,OJ)choo(cm);nO—

Hs

—L:HE——Q—COO(CHS)mof

[CHs

Table TII shows polyesters of dicarboxydiphenylalkyl- or -arylphosphine
oxides and aliphatic glycols which were prepared by us. These polyesters
have higher softening temperatures than polyesters of alkyl- or arylphos-

. phinic acids.

We have also prepared mixed polyesters of two different acids and hydro-
quinone, - Figure 1 shows the change of softening temperatures for copoly-
mers obtained from hydroquinone and two different alkyl- and arylphos-
phinic acids.

Tt will be seen that the change of melting points in these systems is repre-
seénted by a straight line. In this way the substitution of a phenyl radical
by an alkyl one does not lead to a mimi on the curve ition vs.
properties” as is usually observed with mixed polyesters.

Table IV summarizes the polyamides of dicarboxydiphenylalkyl- and
-arylphosphine oxides and aliphatic diamines. These compounds have
higher melting ra than corr ding polyesters.

TABLE IV

Softening
Structural unit temperature, °C.

o
—ocQ{L—O-—CONH(CH:).\NH— 195

b
o

> CONH(CH)NE—

Hs

o
‘_OGQ—{L7C>~CONE(CHZ), NE—

oHs

o
¥0cC>_£L7®——CONH (CH,) . NH—
S b,
. o
_oc©7ﬁ~<}com{ (CH:)NE—
b,
o
"OCQJi*Q‘CONH(CH“)”‘NH7

‘Ha
o

A<

b ‘EH: N\ CONH(CH).NH
o

o
—CH )

b CH: \_CONH(CH)NE—

oo

—co CH 47\CONH (CH:)uNH

- " N s
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Figire 2 stiows the change of softening temperature of mixed polyamides N
| - propared from hexamethylene diamine, divarboxytriphenylphosphine oxide |
‘ and adipic acid or caprolactam. Theso ourves show clearly the preseiice y v 1
‘ of a minigyum on tho melting point curve. This minimum occurs for s/ M
copolymer.containing 20 or 40 mole % of the longer component. This is, | K N
usually observed also with other mixed polyamides.* B ’ g
Inspection of all these data shows that polyesters and polyamides of the N

X \ types investigated, which contain a phosphorus atom in their molecule,
| ‘ have lower softening temperatures than polyesters and polyamides of dic
‘ carboxylic acids of related structure whose molecules contain an atom of

carbon instead of phosphorus.

Table V su izes, for ¢ i i of some |
conipounds obtained by us and closely related to corresponding polyesters of |
| organophosphorus dicarboxylic acids.5 Tt is seen that the introduction of a. I
phosphorus atom causes a substantial depression of the softening tempera-_
, tures of the polyesters. N ’

TABLE V

Softenin
Structural unit temperature. °C. |

o i/

! —VCOO—ﬁ:—QfCOO(CH,)gO—- 177

—co—@-cfio-—coo (CHp:0— 318 ! 1
_CO-OJE_O_COO(CH!).O— 144 ‘

‘ : _co~<:>fcfic>fcoo(cns@— 168
—c07@§7®—coo(cmao— 138
_cq,focﬂoH:O—coo(cﬂg,,(p o6
fCO—QE*Q?COO(CH;).O— 9,

- b

—G0>- _coOcoowm)@— 129,
: ~Gor<}§—<:>7000<0m> 00— 109,
(e —QO,,—Q,AC&;ILGCQQ(CHOMO— 8. p
_Co,<:>;§7c>~_coc»(cn:).mo~ 60 '
. _co_®>c:i©veao<cm)wo— 100
, do Lo 8 |
b, o é:ﬁ,
.

oo o

This is evidently due to an increase of chain flexibility induced by the;
introduction of a phosphorus atom into the macromolecule. . Thus the,
softening temperature is lowered. It is not possible to present comparable,
data. for pol; id, since the po ides of corr ding ket ids are
three-di jonal infusible prod
i The study of properties of the obtained organophosphorus polymers has
shown that they behave differently in many respects. It is necessary to
point out in the first place that they have a much higher elasticity in com-.
parison with corresponding polyesters and polyamides of dicarboxylic acids
| - Which do not.contain phosphorus. Also, they are not inflammable, and

this iS also evidently due to the presence of phosphorus in their molecules:,

‘ ) References:

. V. V. Korshak, I. A. Gribova, and V. K. Shitikov, IX Conference on General Proliw
Toms-of Chemvistry and Physics of High Molecular Compounds, Theses of popers, £'d. by.
Acad. Sci. of the U.8.8.R., Moscow, 1956, p. 9.
| 2.V, V. Korshak, L. A. Gribova, and M. A. Andreeve, Jzvest. Akad. Nauk S:8.8.R.,, 1
i Otdel. Khim. Nauk, 1957, 631 : :
|

5. V. V. Korshak and T. M. Frunze, [zvest. Akad. Nauk 5.8.8.R., Otdel Khim. Nauk,
1855, 163. it
4. V. V. Korshak and T. M. Frunze, Jzvest. Akad. Nauk 8.5.8.R., Otdel. Khim. Nauk,, ’ i
1955, 372. !
7. 'V. V. Korshak, S. V. Vinogradova, and T. M. Frunze, Zhur. Obshchet Khim., 275, 1
1600 (1957). 1

Synopsis
- Results obtained in the investigation of polymers p
in the nain pol chain d. A number of p N dp derived:
from pliosphorus-containing dicarboxylic acids have been synthesized. Two types of:
icashoxylic acids were used: alkyl- or aryl inic acids (T) and b phenyl~
phosphine oxides (I1):
it i
R—P(0H): HOOC—CJL—I\LfC.ILfCOOH s
o an

¢heir chloroanbydrides or esters being used in the reaction. To obiain polyesters, vari-

ous glycols or dibydric phenols were used as the second component. For preparing poly-

amides, aliphatic diamines were used as the second component. The nature of the, B q
Starbing materials has a very marked effect on the properties of the polymers obtained.

Polyesters with an aliphatic chain are viscous, thick oils or low-melting resins. Poly-

esters with aromatic unit are high-melting, solid clastic [¢ ison of the 3
properties of the polymers synthesized by us with the properties of polymers of related ©B
Somposition not containing phosphorus, shows that the introduction of phosphorus into g
he chain leads to molecules of much greater flexibility. For this reason the softening:

points of the phosphorus-contsining polymers are much lower than those of their carbor

analogues. .

——

i
\
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Fig. 1. Softening of mixed pol of inone.and alkyl- or

arylphosphinic acids. (1) System obtained from hydroquinone and chlorosnhydrides of

ic and hydrox i d. (II)System prepared from

and ides of inic and . ini

acids.
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Fig. 2. The depression of melting points of mixed polyamides. (7) System composed
of salts of hexamethylene diamine and of both adipic acid and p,p’-dicarboxytriphenyl- ©
‘phosphine oxide. (I1) System composed of a salt of hexamethylene diamine and p,p’
i i ine oxide, and
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Polymerization of Aromatic and Hetrocyclic Vinyl
: i Compounds .
| . STAT

M. M. KOTON, Institute of Macromolecular Compounds, Academy of — ——
. Sciences of the U.S.S.R., Leningrad, U.S.S.R. =

i quantity of i ethylenes and. the wide possi-
bilities of their application for practical usage made them of extensive
interest for the investigator. The study of the influence of chemical struc-
ture of vinyl series monomers upon their polymerization ability is both
interesting from the scientific point of view and important for practical
purposes. However, by reviewing the bibli on the polymerizati
of vinyl compounds, one observes that the number of systematic investiga~
tions in comparable conditions that enable evaluation of the influence of the
properties of substituting groups in ethylene molecules on the polymeriza~
tion process, is not all sufficient. Among the great number of ethylene
series derivatives, its aromatic derivatives have long been drawing the
attention of investigators. The studies of Shorygin,* Marvel,? Wi
well as our data® show that within the series of substituted
interrelation between the structure of monomers and théir abil
merization. The rate of polymerization of substituted styrenes differs,
.d ling on the chemical nature of the i the number of sub-.
stituents, aiid their position in the styrene benzene ring as related to the
vinyl group. Wes have studied some substituted styrenes (halogen- and
methylstyrencs) and have shown the influence of isomerism of substituents.
! in the styrene benzene ring upon the rate of polymerization which increases
B from mono- to di- and tri- ituted styrenes. Polymerization of sub-
t stituted styrenes, when such substituents as halogen atoms and the cyano-
gen group are introduced, proceeds with greater speed because the precess |
- of polymerization continues less actively (8-18 aP7mole) compaied to i
unsubstifuted styrene (22 cal./mole). The study of the polymerization !
ability -of other ar ic and heterocycli i of ethylene en-
counters many difficulties, mostly because it is rather complicated to isolate
these monomers in their pure form since they polymerize very easily.

STAT

POLYMERIZATION OF VINYL COMPOUNDS OF THE
NAPHTHALENE SERIES

We though that it would be most interesting t> connect the high reacti-.
bility of vinyl 1s of 161 1 hydrocarbons with the exi:

of coupling double bonds in the rings, giving as examples certain vinyl
compounds of the naphthalene series.

‘With this purpose we have synthesized: () vinylnaphthalene (1-VN),
b.p. 86-88°C. (2 mm.), n§ 1.6405; (2) vinylnaphthalene (2-VN), m.p.
| 65-66°C. dibromide melting point 83.4°C., 6-vinyl-1,2,3,4-tetrahydro-
S naphthalene (VT), b.p. 96-98°C. (2 mm.), n5 1.5690.

- The content of monomer in all these compounds was 9 8% |

Vinyldecahxwmmkmcmmnﬁmﬁr the first time, in the

same way as T as a colorless liquid, b.p. 103°C. (3 ram.), n3} 1.5443.

Vinyl substituents of naphthalene were polymerized in a block at 100,

| 110; and 125°C.

The studies of Koton and Kiseleva® showed that 1-VN and 2-VN have
the greatest rate of polymerization, the 1-VN being the easiest to poly- ‘
merizé. VT is much slower to polymerize, being more like unsubstituted ;
styrene (Fig. 1). VD, which has no double bonds in the monomer molecule  {

8 ring, did not polymerize during thirty days at 100°C. The obtained poly-
i mers:were of low molecular weight and had the following value of [n]: |
i 1-VN, 0.06; 2-VN and VT, 0.22.

The study of polymerization kinetics provided data for the calculation
of the value of activation energy of polymerized vinyl derivatives in the— ;
naphthalene series: 1-VN, 169 = 0.5 keal./mole; 2-VN, 1§8 & 0.3
keal./mole; and VT, 20.9 & 0.5 keal./mole. Thus, vinyl derivatives of
the naphthalene series showed that there is a relationship between the
number of coupling double bonds in the monomer molecule ring and the.
polymerization ability.

I POLYMERIZATION OF VINYL DERIVATIVES OF PYRIDINE AND.
i . QUINOLINE
To acquire more data on the polymerization process of vinyl compounds
which contain different cyclic radicals as i in ethylene molecul ]
W have studied 2-vinylpyridine (VP) and 2-vinylquinoline (VQ). We
have chosen these particular monomers because they enabled us to com-
| pare the data on their polymerization with those of styrene and 2-vinyl-
Ul naphthalene we had obtained before, and thus to evaluate the influence of
R & heteroatom (nitrogen), which is a part of the cyclic radical, upon poly-
‘ orization ability. Besides this, the polymerization of VQ has been studied
very little until now.5 VP was isolated according to the Winterfeld and
i Heinén method® its properties are b.p. 64.5°C. (2 mm.); 73 1.5497
| 2% 0.9757; rCp-3E3ZT — . |
il V@) was isolated by means of the Bachmann and Mioussi method.” Its
|

properties are b.p. 104°C. (3 mm.); i} 1.0705, gLp= b8 ——
The polymerization process of these monomers was sbud}ed by Slll‘lu})&!‘s
and was carried out in a block in the presence o i onitr
{0.135 mole-%) as the initiator in a nitrogen atmosphere.  Polymerization
| whs carried out dilatometrically at 50, 55, 60, 75, and 90[C.
I “As Tigures 2 and 3 show, VP is polymerized faster than styrene and vQ.
In 30 minutes at 60°C. the yield of VP was 10.6% and of styrene, 1.7%.
VQ yielded 6.4% in 15 minutes at 90°C.
| “The determined [7] values were: VP, 0.5; VQ, 0.1
! imerization kinetics were used to calculate the activation energy of poly-
\ Terization: VP, 20 % 1 keal./mole; VQ, 18 % 1keal./mole. For a more
| 1 ovaluation of the reactability of VP and VQ, we have studied
i their polymerization with unlimited Copolymerization was
‘ ! effected in the presence of azo-bis-isobutyronitrile (0.2%) at 60°C.
The ition of copolymers was determined by the Dumas micro-
determination of nitrogen. ) .
Copolymerization constants were determined with the help of integral ‘ I
equation of copolymer composition; the data are shown in Table I.

The data on poly-

TABLE I o
Gonstants of Copolymerization of 2-Vinyl Pyridine and 2-Vinyl Quinoline with Some
- Monomers
No. M M. " ™ !
5 b
i idi 5 0.03
1 2-Vinyl pyridine Styrene. 1.81#0.05 0.55 =%=
2 e Tsoprene 0.4740.07  0.59 == 0.05
3 “ “ Chloroprene 0.060.01 - 5.19 == 0.03
1 “ “ Acrylonitrile ~ 21.885.52 0 og = g of ‘
5 2.Vinyl quinoline  Styrenc 2.090.55 0.4 .
4o Rl Tsoprene 1.884+0.02 0.53 & 0.01
7 “ - Chloroprene 0.38 +£0.03  2.10 = 0.02

St W S
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oM. M: KOTON

The system VP-isoprene allows isolation of azeotropic copolymer. We
nust also point out the system VP-acrylonitrile which is like the well-
Ynown system vinyl styrene-acetate. Monomer VP ‘couples with both
types of radicals 20-22 times faster than with acrylonitrile.

The determined constant values of copolymerization allowed
of the activity of VP and VQ monomers as related to styrene, isoprene;
chloroprene, and acrylonitile radicals as shown in Table IL. )

o, TABLE IT .
Activity of 2-Vinyl Pyxidine and 2-Vinyl Quinoline as Related to- Different Radicals
Radicals :
2vinyl  2-vinyl
pyri-  quino-  Sty- Iso-  Chloro-  Acrylo~
Monomers dine line rene  prene  prene nitrile
2-Vinyl pyridine 1.0 1.8 1.7 0.2 21.7
9-Vinyl quinoline — 1.0 2.0 1.8 0.5
Styrene 9.5 0.5 1.0 05  0.14° 20.0°
Tsoprene 2.1 0.5 or* 1.0 0.27° 33.3°
Chloroprene 15.6 2.6 2000 7.5 1.0 100°
Acrylonitrile 0.05  — a7e 220 0.7 1.0

= Data obtained by other authors.

The data of Table II show that VQ is more active than VP, while the
latter is more active than styrene. Thus the results of the studies of VP
and VQ polymerization are in the same relation as the results obtained for
styrene and 2-vinyl naphthalene.

POLYMERIZATION OF VINYL DERIVATIVES OF FURAN AND
THIOPHENE,

“To obtain more detailed data on the influence of the nature of heteroatoms STAT

which constitute eyclic_radicals of substituted ethylenes upon the poly- -
‘merization process, &drey Koo have studied Some vinyl defiva~ <
tives of the furan and thiophene series which up till now have been but.
Jittle studied. Tor this purpose they synthesized: 2-viny) furan (VI),
b.p. 96-07°C., n} 1.4994; 2-viny! thiophene (VT), b.p. 66.5°C. (48 mm.),
n2 1.5722; 2.vinyl benzofuran (VBF) bp. 52°C. (0.5 mm.), n3 160205
9 vinyl dibenzofuran (VDBEF), b.p. 130°C. (0.5 mm.), m.p. 31°C.; . and,
avinyl dibenzothiophene (VDBT), m.p. 42°C. These compounds had
99.7-99.9% of monomer.

Andreyeva and Koton have studied the polymerization process for alt
monomens of the furan and thiophene series in the presence both of per-
oxides (0.5 mole-95 of benzoyl peroxide) and ion catalysts (ithium ity
boron triflaoride »VEGFRR). Polymerization has been cartied Block ]
2 benzene and toluene solutions by means of the dilatometric method in
the temperature range of G to 100°C.

The obtained data on the VT polymerization kinetics at 80, 90, and 100°

C. allowed the caloulation of activation energy of polymerization process:
17 % 1 keal/mole. The observation was made while studying the VF
polymerization that molecular oxygen plays an important role in formation
of properties of synthesized polymers. In the absence of ambient 0XygéT...
the VI polymerizes with the benzoyl peroxide to form a hard and non-
fuzible polymer which is obtained in the form of grains of the “-polymer”’
bype; this type of polymer had been observed by Carothers with co-
N eeré® and by Pravednikov and Medvedev' when studying diene
polymerization.

* The ton of the three-dimensional polymer leads us to believe that
‘the double bonds in the ring of the VT polymer take part in the polymeriza-
tion reaction. In the presence of oxygen, instead of these polymers, VE
polymers are formed which are a soft mass. Their temperature of softening
after resettling is 60-80°C. .

‘Polymerization of VBT has been little studied; there is only one work
by Elliotti? which states that this polymer is able to polymerize and co=
polymerize.

‘Polymerization of VDBF has not been studied at all Investigations into
the- polymerization kinetics of these monomers at 60, 80, 90, ard 100°C.
permitted calculation of activation enerey of the VBT polymerization
process, 16.5 = 0.5 keal./mole, and of VDBF, 12.4 = 0.60 keal./mole.

Mhe determined values show that the VDBF have 2 very high reactibility
in the polymerization process. These monomers also easily polymerize in
the presence of ion catalysts. The VBI in the presence of BFs at 0°C.
gave a 429, yield of polymer after 3 hours; the VDBF, 70% after 1 hour.

She VBT polymers had an intrinsic viscosity, [nl, of 0.02-0.2, the value
depending on polymerizati diti The VDBF polymers had an [r]
£0.05.0.40; while the polymers synthesized in the presence of the initiator
°F azo-bis-isobutyronitrile had high values of tn: 1.44.

Polymerization of 2-vinyl thiophene (VT) and 2-vinyl dibenzthiophene
(VDBF) have been but little studied.11¢  These monomers polymerize
very easily both in the presence of radical initiators and ion-type catalysts..

Tha VDBF polymerizes more quickly than VT (Fig- 4). The energy of acti-
vation of the polymerization process of VI is 16.5 2 0.5 keal./mole VT,
togother with etherate BFs at 0°C., gave 2 yield of 74% of polymer in 50
Iinutes, the intrinsic viscosity of VT polymers wis 0.08; and the tempera~
tuve of Softening was 70-85°C. The polymers of the VDB showed [7] of
0.13-0.20 and a softening point of 144°C.

The results that have been obtained by studying the polymerization of
vinyl derivatives of furan and thiophene series show that by inereasing the
e ber of condensed rings in the monomer molecule, e Fon considerably
erease the rate of the polymerization process (Tig. 5). The data for the

e homers of the same structure of the furan and thiophene series have been
Sompared and the results help to determine the influence of nature of the
hotoroatom (oxygen, sulfur) upon the ability to polymerize. It was proved
that the VT monomer is more reactive than the VF monomer, and under
equal conditions it polymerizes twice as quickly as the latter (Fig. 6). The
snonomers VDBF and VDBF have the same tendency, the only difference
being that the influence of the nature of the heteroatom is revealed much
Tous distinctly (Fig. 7), as was observed before with pyridine and quinoline.
"Tho monomer studied form. series according to their reactibility in poly-
mesisation: 2-vinyl dibenzfuran (thiophene) > 2-vinyl benzfuran >
Sviny! furan (thiophene), and 2-vinyl thiophene > 2-vinyl furan.

Thus, the results of out investigations show that by increasing the num=
ber of condensed rings in the substituting radical of ethylene molecules, and
by introducing heteroatoms (nitrogen, OXYEen, sulfur) into’ them, we.can
heighten the ability of these compounds to polymerize.

e

Decl: - “
lassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2013/10/24 : CIA-RDP81-01043R002400010005-5




Copy 109—PROD NO P-49—KOTON
References;

1. P. P. Shorygin and N. V. Shorygina, Zhur. Obhschet Khim., 5, 555 (1935); 9, 845
(1939). .
2.-C. Marvel, J. Am. Chem. Soc., 62, 45 (1940); 66, 475 (1944); 67, 2250 (1945);
|68, 737, 1085, 1088, 1090, 2106 (1946); 70; 1895 (1948).
~~L3. R. Wiley, J. Polymer Sci.. 3, 415 (1948); 5, 483 (1950); J. Am. Chem. Soc., 70,
158D (1948); 71, 2420 (1949); 72, 1822, 5198 (1950); 75, 4519 (1953); 78, 2169 (1956).
- 4. A. F. Dokukina, M. M. Koton, O. K. Mineyeva, and V. A. Paribok, Zhur. Fiz.
Khim., 30, 190 (1956).

5. M. M. Koton, E. M. Moskvina, and F. §. Florinsky, Zhur. Obshchet Khim., 21,
1847 (1951); 22, 789 (1952); Zhur. Priklad. Khim., 26, 660, 666 (1953); Doklady Akad.
Naik 8.8.5.R., 102, 305 (1955).

6. M. M. Koton and T. M. Kiseleva, Doklady Akad. Nauk S.5.5.R., 88, 465 (1953).

7. G. B. Bachmann, and D. D. Micucci, J. Am. Chem. Sot., 70, 2381 (1948). .

8. K. Winterfeld and C. Heinen, Ann., 573, 85 (1951). .

1. V. Andreeva, M. M. Koton, Doklady Akad. Nauk S.5.8.R., 110; 75 (1956).
10. W. Carothers and J. Williams, J. Am. Chem. Soc., 53, 4214 (1931). {

1. A. N. Pravednikov and 8. 8. Medvedev, Doklady Akad. Nauk S.S.S.R., 103, 461
(1955); 106, 579 (1956).

12. D. Eliott, J. Am. Chem. Soc., 73, 754 (1951).

3. G. B. Bachmann and L. Heisey, J. Am. Chem. Soc., 70, 2378 (1948).

14. R. Flowers attd L. Flowers, J. Am. Chem. Soc., 71, 3102 (1949); U.S. Pat. 2,499,
187; Chem. Absir., 44, 5303 (1950).

15. M. M. Koton and O. K. Surnina, Doklady Akad. Naul: 5.8.8.R., 113, 1063 (1957).

Synopsis

‘The polymerization of vinyl derivatives of naphthalene and of the heterocyclic series,
containing the atoms of nitrogen, oxygen, and sulfur has been investigated. Itis proved:
that an increase in the number of condensed rings in the radicals replacing the hydrogen
atoms in the ethylene molecule, as well as the introduction of heteroatoms (nitrogen,,
oxygen, sulfur) into these radicals increase the polymerization ability of the above com-
pounds.

Discussion

G. Hardy (Budapest): In our laboratory we have studied the reactivity of compli-.
cated vinyl esters in relation to the acid radical. In the course of this work the vinyl:
ester of furancarbonic acid was synthesized. This monomer could not be polymerized:
cither with radical-type initiators or with ionic-type catalysts. Thus it is interesting;
to-compare the increase in reactivity of 2-viny] furan with the nonpolymerizable vinyl
furancarbonate.

- C. (Birmi Have the
"The optical and i jes might be

M. M. Koton (Leningrad): We have also worked with furylacrylic acid and its esters.
and also noticed that they did not polymerize. In reply to Prof. Bevington’s question:
The polymers are transparent thermoplastic materials having various values of char-.
acteristic viscosity, softening and dielectric jes.

K. J. Ivin (Leeds): Prof. Koton reports that vinyl decahydronaphthalene does not
polymerize, even if heated for many hours at high temperature. I should like here to
make the general point that an increase in temperature is generally unfavorable toward|

lymeri i d that the rate of polymerization (for addi-
tion polymerization) will fall to zero at the temperature (the ceiling temperature T.)

. at which the free energy of polymerization has fallen to zero (under the particular con-
i ions used in the i

In the case of vinyl decahydronaphthalene, it is unlikely that it will polymerize by
free radicals at low even i i possible (for reasons given
by Prof. Smets in a comment following my paper). However, the above considerations
should be borne in mind when ‘testing a compound for polymerizability, and a wide
range of parti y below room should be tried.

M. M. Koton: I can say that we carried out the experiments over a wide temperature
range and.that we calculated the activation energy. There is a great difference here.
For vinyl furan it is 17 keal. /mole; for vinyl dibenzofurans, 12 keal./mole. Even this is
an indication of the polymerization tendency, to say nothing of the circumstance that
the experiments were carried out in a wide range of 0~100°, in the presence not only of
radical but also jonic catalysts.

G. J. G. Smets (Louvain): Have some inations been carried out ing the
Kinetics of polymerization of vinyl decaline? Does this compound behave “normally”
with respect to the concentration of the initiator, i.e., is the rate of polymerization pro~
portional to the square root of the concentration of initiator?

M. M. Koton: We intended to elucidate why the vinyl derivatives of polynuclear

ymeri inarily easily.” Vinyl phenantbrene and vinyl anthra-
cene cannot even be successfully isolated since they polymerize immediately during the
dehydration of the corresponding carbinols. We therefore synthesized a series of hydro-
carbons in which the vinyl group was conjugated with a larger or smaller number of
double boads. The polymerizations were carried out in a certain temperature range
under the same conditions (without an initiator). I do not state that vinyl decalin does
not polymerize, but only that under these conditions vinyl decalin did not show any
sign of polymerization. Vinyl tetralin polymerized distinctly, and a- and g-vinyl naph-
thalenes particularly easily. o
G. J. G. Smets: It is not correct to compare the polymerization rates if the kinetics of
‘the polymerizations compared are not the same. In vinyl decaline there is an ‘“al-
Iylic” hydrogen present and all the allylic monomers are different from the kinetic point
of view, from, let us say, aromatic vinyl derivatives, (styrene, etc.).

A. L. Klebanskij (Moscow): I agree with Prof. Smets that the reason for the decrease
in the polymerization ratz of vinyl decaline might be the presence of the active a-methyl:
ene hydrogen in this compound which is absent in aromatic derivatives.

0. F. Solomon (Bucharesi): I am not surprised by the polymerization tendency of the
compounds investigated by Prof. Koton since we ourselves uave carried out interesting
experiments with vinyl furans. When comparing their polymerization with other hetero-
cyclic vinyl ivati we il i also the p of 1yl furan.
Whether the conj an_or cannot be p izcd catalytically was

i izes by Na in liquid ammonia

of these polymers been examined?

By e 1 19 S1-F e polym d
T Bl el a nalymer of & AR EOTEEUTar weight as vinyl furan and chlorvinyl furan,
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Fig,, 1. The polymerization rate of vi ivatives of (1) 1-VN at;
109°C." (£).2-UN &t 100°C. (8) 1-VN at 110°C.  (4) 2.VN at 1005€.  (5) 6-VT aty
1Q9°C. (6) 6-VT at 110°C., ) B
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g, 2. The polymerizatio tate of 2-vipyl pyridie.,
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Fig, 3. The polymerization rate of 2:vinyl quinoline,
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Fig. 4. The ion rate of viny] derivatives of thiophens. (z) VDBT. (2)
VT. 1 M solution in toluene, 0.5 mole- peroxide,
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Fig.:5. The polymerization rate of vinyl derivatives of furan. () VDBF. (2) VBE.
(8) VF. 1M solution in toluene, 0.5 mole-% peroxide.
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Fig: 6. The polymerization rate of 2-vinyl furan and 2-vinyl thiophene. (1) VT at
© (2) VF at 100°C.,. () VT at 80°C. (4) VF at 80°C. 0.5 mole-% peroxide:
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Fig. 7. Polymerization rate of,2-vinyl di and 2-vinyl i

(1) VDBT at 100°C. (2) VDBF at 100°C. (3) VDBT at 80°C. ' (4) VDBF at 80°C.
0.5 mole-% peroxide; 1 M solution in-toluene.

(A).Catalytic initiati (B)P i e
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Dielectric Losses and Polarization of Poly-mers'

G. P, MIKHATLOV, Institute. of High-Moleoular Compounds, U.S.S.B. STAT
T Hepdgmy of Sciences, Leningrad, U.§.5.E, b

INTRODUCTION

Our report deals w}bh two groups of experimental investigations of dielecz
tric losses and ion of hic pol L

“These investigations are very numerous and cover many polymers of
different chemical composition. It is evident that in a short paper we can
only miention some results of these investigations; i.c., those which are
necessary for an understanding and consecutive description of the studies
in question.

The first group includes investigations which deal with the regularity of
these properties of the polymers in a high-elastic state,

The second group includes our recent investigations made with the object;
(depending on their structure) of giving a certain relative assessment of
those B jons which ine the character of thermal
motion in the polymers. In these investigations we used a method of
pffective dipole moment which in recent time has been considerably de-
veloped through new theories of dipole polarization which have established
@ more strict jon between dielectric permittivity .and molecul
values.

1. Dipole-Elastic Losses

The examination of the tangent of dielectric losses (tan 8) and dielectric
permittivity (¢ of a series of amorphous polar polymers has shown that
the dependence oi the values on temperature and frequency bears a relaxa-
tion character.? N

These regularities are practically valid for all known polymers ‘which are
in a high-elastic state and are therefore called dipole elastic losses.#

Analysis of the data obtained by us and by a number of other investiga:
tions leads to a conclusion that dipole-glastic losses (further on this term
will be abbreviated as “rs.c” losses) can be described by segmeéntal
motion of polymolecules.

The basis of our work was as follows:

(a) Relaxation time 4., of losses found from the position of maximum
tan & of requency is d d® when a polymer
is icized by low lecul ds. This means that the region
$aD 8pnax is shifted toward lower temperatures.

(b))’ 7a.e is decreased as the chain length of the side radical of a macro-
chain grows due to the incorporation of non-polar groups (homologous
series of polyvinylic alcohol acetals, esters of methacrylic acid, ete.).*

(¢) 7a-oof copolymers, polar with non-polar monomers, is determined. by
the concentration of the components while the value of losses in the tan &
area is proportional to the concentration of the polar component.®

2. A Study of Dipole Polarization of Polymers in a High-Elastic State and
in a Solution of a Non-Polar Liquid

Our in’ of dipole of el tary chain units of macrox
molecules of some vinylic polymers and of polymers of a homologous series
of methacrylic acid esters have shown that in determining these moments
in a high-elastic state or in a solution of non-polar solvent, only their effec=
tive values ueq can be found.®

The modern theories of dipole polarization of a liquid consider ues-to be
the value of a molecule dipole moment consisting both of the momeng
resulting from the molecule structure and of its change caused by the
molecular long and short range interaction.”

Owing to the chain structure of macromolecules, two kinds of. dipole
molecular interaction can be disti ish in pol, i lecul
and intramolecular. The first can probably be attenuated when dipole
polarization of molecules is studied in a solution, while the second can rez]
nain and its analysis requires an investigation of this polarization in special
systems, for example, in copolymers of polar monomer with non-polar ones.

Table I contains the results of i igation of these lecular inter-
actions by method of effective dipole moments. These results were ob-
tained in our laboratory.

STAT

TABLE 1
pott/1
Polymer
ina
b Monomer ~ Polymer high-
(in i ina clastic
Name Debyes) solution  solution state
Methyl acrylate 1.75 0.6 0.76 0.78
Methyl methacrylate 1.78 0.98 0.74 0.76
1 methacrylate 1.85 0.95 0.73 0.79
mm 1.89 0.96 0.75 0.77
Butyl methacrylate 1.88 0.94 0.74 0.77
Phenyl methacrylate 1.75 0.91 0.74 -
Dichlorophenyl meth-
ate 2.3¢4 0.92 0.62 -
Parachlorophenil meth- .
acrylate 2.73 0.91 0.59 —

The second column of Table I gives the dipole moments 1o of the mole-
cules of hydrogenated monomers determined and calculated by the method
for Debye polar solutions or, in other words, po is the moment of a free
molecule.

Columns 3, 4, and 5 give the values of pea/u which are relative measures
of the molecular interactions, where p is the dipole moment of a molecule
or of a link of a lecul Jculated from the well-known
Ousager formula:

_m 42247
Il-—’—'3 2e+1#n

1t is evident from Table I that in the case of & monomer in a solution
to an infinitely small jon of a polar component,
(uen/us — 1, i.e., n0 molecular interaction of dipole character takes place.
For a polymer with the same extrapolation in a high-elastic state,
(een/w) < 1, and is less the larger uo. Hence we conclude that the intra-
molecular interaction between polar groups of the chain in the given poly-
mers remains because of the chemical bonds linking these groups together,
and that it exists because of the polar groups and therefore grows as ugis
increased.

¥ - e Y
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TABLE II
C th €W 3
Ao ‘opolymers of mef yry'eltx‘neethncw‘ahe Wwith Polymer
ina Weight ina
stolution in % 24.0 40.5 55.5 . 8q5 solution
pett/p 0.96 0.98 0.88 0.83 0.72 0.75
) Table IT gives the results of ue/u for a copolymer of methyl methacrylate i

with styrene, the latter being considered to be non-polar. These data
show that up to 24% concentration of methyl methacrylate in the copoly-
mer uey/u has the same value as for a monomer in a solution (Table 1.
As the percentage of methyl methacrylate in the copolymer is increased, =~
iten/n is decreased and at 80.5% reaches the valde which is observed for & ~
solution and for a high elastic state of a polymer, i.e., at up to 249, concen-

tration of methyl methacrylate these copolymers, by the character of

molecular interactions, are equivalent to polar solutions and consequently |
the distribution of monomeric links of methyl methacrylate and styrene is

statistical. :

3. Dipole Radical Losses g

Tn certain polar amorphous polymers in a glassy state, relaxation dielec™ i
tric losges are observed. By the character of their regularities tan 5, these »
losses can be called dipole-radical losses (further on this term will be
abbreviated as (d — r losses). This name was given to the phgnomenon
B because d — r losses reflect thermal motion in the polymer (depending on
‘ gtructure) either of individual links of lecules or of polar radicals.

‘ The numbgr of works devoted to investigation of these losses is consider;
‘ ably less that the number of those dealing with d — e losses.

| At the same time, the dependences tan 5 of d — r losses do not have this
| community for polymers of different chemical structure which is observed
| for d — e losses.

. Of the regularities grounding the d mech
| the following data can be cited. These data were obtained in the investiga~
’ tions of polymers of vinyl acetate, methyl acrylate, methyl vinyl ketone,
|
|
|

STAT -

of d — 1 losses,

vinyl chloride, polyvinyl ester acetals, and cellulose ssters.
(a) The e d of rel tion time satisfies the follow-
ing equation . /
Tar = T0e/FF ®

where 7o lies between 10-1% and 10— sec. and U, the energy of activation,
has values from 6 to 11 keal./mole. The numberical values of 7oand U are
in with the i ped in Debye’s theory of dipole
polarization of polar liquids.

{ "This process can be represented as an elementary act of dipole turn over=
coming the potential barrier which is determined by the energy of molecular
interaction forces.

(b) The position of the region tan pmax on the temperature or frequency
curves of d — r losses does not depend or the concentration of the com-
ponents in the copolymers of methyl vinyl ketone with styrene and of
methy] acrylate with styrene. This means that 7a- is independent of the
concentration of the components, while the value of tan dxmex grows lisearly
as the con ion of polar is i d

: 4. igation of It i by pesr-Method Accordin; "~
Dipole-Radical Values of tan 5 and ¢’ of Certain Polyesters of met
. Acid* :

Figure 1 shows the dependence of tan 5 and ¢ on the temperature at
frequencies of 20 and 100 cycles per second for the polymers PMMA,
PEMA, PPMA, PBMA, and P-iso-PMA.* N
* PMMA is the ion of metha and ingly of
other homolagues such as ethyl, propyl, ete.
i From Figure 1 it is evident that for each PMMA tan 5 curve and for
[ curve 1 for PEMA two temperatures are observed at which tan & passes
through a maximum. One of the regions of tan dmx for PMMA which lies
within the inter:al of temperatures below 110°C. (this is the temperature
of PMMA transition to solid state, or T;) corresponds to d — r losses, while
the second region of tan Smax is at a higher temperature than T, aad is re-
| Jated o d-o losses. On the right-hand side of Figure 1 there are curves of
¢ = o(ts); here also changes for two regions of ¢’ are observed.

A more detailed study of tan 8 = ¢(t°) (Fig. 1) shows that the larger
the number of homologue, the regions of tan d,,x of d-e losses are displaced
toward low temperatures, while the second region corresponding to d-r
losses is not displaced. The latter leads to a disturbance of the symmetry
of tan 8 = 3(1°) curves.

n the case of the same curves for P-iso-PMA, again we have a division
of tan & regions because the region of d-e losses is displaced toward bigher
temperatures, while the region of d-r losses, on the contrary, is displaced
toward low temperaturcs. Figures 2 and 3 shows frequency functions of
tan & for some temperatures covering both the solid and high-elastic states
of PMMA and P-iso-PMA. On the curves of tanié = ¢(t°), Figures 2 and
3, the positions of two tan max regions can also be seen, and therefore these
curves are asymmetric.

For polymers EMA, PMA, and BMA, the curves tan & = o(f) are
analogous and therefore are not shown.

Figure 4 shows log f,, as a function of 103/T, where f., is the frequency of
relaxation and T the absolute temperature of the region of d-r losses maxi-
mum. From Figure 4 it is evident that this data for normal polymer
homologues fall approximately on curve 1, while for P-iso-PMA they fall
on curve 2. - From this data we conclude that, first, relaxation time of
7o losses for all investigated normal polymer homologues has the same
| value, 4.c., is independent of the number of CHp groups, and, second, the
1 expotential function (7) is satisfied.

11 "At the same time the energy of activation for these polymers has a larger
value of 21 keal./mole, i.e., a certain specific feature is peculiar to the
process of relaxation on these polymers.

‘ By the temperature interval, the curves  and £ cover both the solid and

high.elastic state. Thorefore d-r losses actually reflect a definite character K
of thermal motion which is peculiar to polymolecules of a given structure
| and is independent of the state of the polymer. The energy of activation
[ U for P-iso-PMA calculated from curve 2 (Fig. 4) is equal to 16 keal./mole,
4.6,, is less than for normal polymer homologues. This decrease in U can
be explained by looser packing of an iso-compound of the polymer. For
| the purposes of a more detailed analysis of the data obtained, we used the
‘ method of arched diagrams on a complex plane of ¢ and ¢ values to find
) ilibrium dielectric permittivities e and e for d-r losses.*
\ “From the values of & and e, molecular weight 3/ of the monomer link,
‘ | and polymer density p, it is possible to calculate e valués, using.the fol-
i lowing formula:

= 7.36 X 102 J %1! oot Do — o) :(2(: 5 <c) @

‘ V‘ -

S I A M
Il Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2013/10/24 - CIA-RDP81-01043R002400010005-5



Figure 5 shows the results of calculations of ueg from formula (2). From
this it is evident that in a solid state the value of u.g is largest for PMMA
and the smallest for P-iso-PMA.

Within the temperature interval of Ty, ueg sharply increases and reaches
a value which is i dent, of e ‘and cor ds to the value|
of 110 determined by other methods. Because of the position of d-e losses,
it was impossible to determine d-r losses for PBMA. However, the lower
value of eg O some polymers in a solid state (Fig. 5) can be explained by
the fact that the dipole orientation is strongly hindered by the chain, i.e,,
the dipole (for our polymers C=0) is strongly correlated due to the inten-
sive intermolecular i jon of macr leculs

Tt is also interesting to note that for PMMA this correlation is smallest,
because the value of tan 8 is largest in the region of maximum d-r losses and
correspondingly the largest values of ueg have been found.

CONCLUSION

The data obtained in this work on dielectric losses and polarization for
some pglymers of the esters of methacrylip acid make it possible to assume
that a determining character of thermal motion in the polymers in a high
elasti state is the intramolecular interaction and in a solid state the inter-
molecular one.
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Synopsis 4

Results of research on the diclectric losses and polarization of polymers are presented,
In the first and second parts of the paper these behaviors of the polymers are considered
For high-olastic state. The dielectric losses are shown to be of relaxation character since
they can be deseribed by the segmental thermal motion of polymolecules. The second
part deals with effective dipole moments of chain units of of
the homologous series of methacrylic acid esters. Lt is stated that for the polymers under
ideration the i i jon i ble signi The

s o third
part of the report supplics dat on the dielectric losses and polarization research of the
Same polymers in the glassy state. In this case the losses of relaxation character, called
dipole-radical, are observed, as they can be described by the thermal motion of separate
polar groups or radicals. The application of the method of effective dipole moments
For analysis of the experimental date has brought us to the conclusion that it is the inter-
‘moleoular interaction which is of greater importance for the dipole-radical losses.

Discussion

L. de &re (. : Tt is extremely ing to see that difficult experi-
mental work carried out quite independently in Leningrad and in Brussels leads to very
similar results notwithstanding minor discrepancies in the numerical data.

T would like ta.ask-Prof. Mihailov if the values of e deduced from the “rainbow di-
agrem”’—i.c., the ol and Cole method—were equal {0 the squaro of the refractive
inde, and if «waseally the static dielectric constant. If this was nof the case, equation
(2) of Professr Mikhailov's paper cannot be used for the evaluation of an effective dipole
‘moment. - e

T would also like to know if the on polyi 1 ylate wero
carried out above or below T .

G. P. Mikhailov (Leningrad): The values of ¢ for PMMA and a number of other
investigated polymers of a given homologous series were several per cent bigher than the
square of the optical index of refraction.

o and e, were dotermined by the method of circular diagrams on the complex surfaco
of the quantities <’ and ¢”. These data were used in evalustion of e below and above T,

“The walues of et found above T, were (within iimits of accuracy of the determination)
approaching the values of et found according to the method of polar solutions.

The softening T, of the p-iso-fc i m is
approximately 100°C., according to dielectric measurements. This can immediately bo
o trom the curve for tan & = ¢(1), found on measurements with o frequency of 15
cycles per second.

—
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Structure and Phasc State of Polymers

V. A. KARGIN, Karpov Institutz for Physical Chemistry, Moscow, U.8.S.R.

The aim of each str ucmrul investigation is to determine the spacing both

of the of the under in and of the atomic and
molecular groups of which it cons For linear polymers, ordinary struc-
tural methods are applicable for determining the spacing of individual
molecular groups but they give very little information about the spacing,
of large molecules. Therefore our judgments of the riqtuat distribution]
of 1 are based on comparing data received by a number of
techniques, especially electron microscopy. In my report I shall deal
precisely with the structures due to the mutual distribution of macro-
molecules and the relations which exist between the formation of these
structures and the phase transformations taking place in polymers.

The flexible chain molecules can either coil into balls, forming globular
structures, or assume a completely irregular chaotic pattern, becoming inter-
woven with each other, or they can gradually acquire a certain order,
taking up a more or less parallel position. It may be supposed, with a
great deal of certainty, that the principal source of this order appearing:
in the system of many polymer chains is their mutual orientation. This
mutual orientation of chains may be caused by intermolecular interaction
(resulting at most in crystallization), by an orientation arising from con-
“siderable and particularly from the flow of polymers due to
mechanical strain applied to the polymers and—in case of natural poly-
mers—by an orientation resulting from the morphological conditions of the
polymer formation. 'Thus, high order in polymers may be achieved in
different ways. Here the problem of the concepts of the orientation and
crystallinity of the polymer naturally arises. If we stretch a linear poly-
mer, its chain molecules will orient in the direction of the stretching, and
consequently with regard to each other. In the process the chains will
be arranged in an increasingly regular order, and thus it is possible to
obtain extremely well-ordered fibers, which gave an abundant interference
pattern very similar to that of well-oriented and polycrystalline substances..
Is such a highly oriented polymer crystalline? Can the phase trans-

“Tormations be regorded as a basic source giving rise to high order in poly-

mers? How can the phase state of such an oriented polymer be deter-
mined? It seems to me that these problems can be considered most
thoroughly by taking cellulose as an example.

Cellulose is a well-ordered polymer which gives a comparatively rich
interference pattern. Most workers consider it a crystalline polymer,
containing both crystalline and amorphous regions. Yet it is possible to
prove in several ways the absence of crystallinity of cellulose even when it
is very highly oriented.

Electron diffraction investigation of cellulose and its ethers! reveals
that they are amorphous and that the entire electron diffraction diagram
is determined by the ordered arrangement of atoms in the molecules of
cellulose, and this gives evidence as to the absence of strict order in the
mutual distribution of these molecules.

The amorphous state of the isotropic cellulose films was in itself no proof
of the amorphous structure of oriented fibers, for crystallinity could have
resulted in stretching cellulose just as is the case in the stretching of natural
rubber. To determine this, a simple method suggested by Katz was used.
During the X-ray investigation the oriented sample under investigation was
rotated around the axis coinciding with the direction of the X-ray. This
resulted in a diagram showing, instead of texture, a system of rings analo-
gous to those which appear in the electron diffraction record of an isotropic
sample. Comparing the pictures received for initial isotropic cellulose and
for highly oriented fibers, we can see that there is no new interference
taking place in the process of orientation, and no phase transformations.

These data were recently confirmed by Mikhailow and Fainberg? who
determined the solubility heats of isotropic and oriented cellulose in quater-
nary ammonium bases and found that they differed very little, 1 to 1.5
cal./g., a fact which testifies to the absence of phase transformations of the
first type in cellulose orientation.

Thus the example of cellulose convinces us that high order in a polymer
may not be attained only by erystallization. - In this case the geometrical
order will only be connected with the regular structure of chain molecules
and their parallel distribution along the ori ion axis, any shifts in the
chains both in the direction of orientation and azymuthally being possible.

The mutual orientation and ordering of chains in polymers may take
place both under the influence of outside forces (formation of oriented
fibers) and as a result of intermolecular interaction, leading to the formation
of clusters in the manner which oceurs in liquids. It may be supposed
that these clusters are large and well ordered, particularly in case of rigid
chains.

This suggests that crystallization is preceded by ordering processes
taking place in an amorphous polymer. This can be verified in two ways:
by a comparative structural investigation of the crystallizing polymers at
temperatures below and above the melting points of their crystals, and by
a similar investigation of oriented polymers, the only difference being that
the orientation of the polymer remains unchanged during melting and

1

@

crystallization.
Recently Ermolina and Markova?® carried out an elechon diffraction
study of polyethylene ter and poly otri ylene at

temperatures above and below the melting points of their crystals. The
results turned out to have many features in common.

Figures 1 and 2 show curves indi the distribution of the i ity
of coherent angle scattering for the two polymers both in crystalline and
amorphous states. These curves have been obtained from an electrono-
gram taken at different exposures and normalized according to the curves
of atomic factors computed for the repeated atomic gr oups of the polymers,
making an allowance for herent scattering. The of basic
maxima of the electron diffraction curves by crystalline and molten
polymers becomes immediately manifest.

These data were used for evaluation of the order existing in amorphous
polymers by the radial distribution method, usually applied for the de-
termination of the structure of amorphous bodies, but 1ec(.nt1y used for
polymers too.* In plotting the curves of radial distribution, six ma xima
were found for polyehlorotrifluoroethylene and four for polyethylenetere-
phthalate. All the former maxima correspond to the distances between
atoms in the molecules of polymers, and only for cases with orderly struc-
ture of chains. The latter intensive maxima, which are 5.2 A. for poly-
chlorotrifluorocthylene and +45 A. for polyethylencterephthalate, are
determined by the mutual distribution of the polymer molecules. The
same distances prevail for crystalline states too.
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Thus we can see from the two polymer investigations that a ¢
part of the interference pattern is due to intramolecular scattering, \\hlch
in its turn is caused by the orderly structure of polymer chains. We can
also see that the ordering in the mutual distribution of chains can be traced
to the amorphous structure. Such ordering phenomena have been widely
known for liquids ever since the first works of Stewart. The formation in
polymers of well-ordered clusters with their large and asymmetrical mole-
cules is in harmony with the most general conceptions of the structure of
liquids, and the preservation of crystalline nuclei was found in molten poly-
mers as well.5

Tt is much more difficult to carry out an experiment for the comparative
structural study of well-oriented polymers which are either in an amorphous
or crystalline state but possess an equal degree of orientation. To do so
it is necessary to prevent the flow of the polymers at high temperatures by
creating a structural fromework which is not dense but sufficiently stable,
to orient the polymer at a relatively low temperature at which the high
tensile strength makes it possible to apply greater strain to the polymer, to
fix the ends of the stretched sample, and to heat it to a temperature higher
than the melting point of the crystals. The principal difficulty of such an
experiment is that while being heated the sample ruptures owing to the
stresses that come into being in it. This difficulty was overcome by Mar-
kovas who placed a sirongly oriented thread ints a thin walled capillary
tube which prevented the contraction of the thread during subsequent
heating. Thus it was possible to investigate by the x-ray technique poly-

hylene and polyethylene (weakly irradiated by high-speed
electrons) and to eliminate the flow in the form of oriented threads, the ex-
periments being carried out at the temperatures corresponding to the
crystalline and to the molten states. Figures 3 and 4 show photographs of
these polymers, which again reveal the great resemblance between oriented
amorphous and crystalline polymers. In this way it is possible to divide
the interference pattern of an oriented crystalline polymer; and to find out
which part of this pattern is due to the mere uniaxial orientation of regu- |
larly formed chains and which to the appearance of a strictfler order in
the course of crystallization.

The general conclusion to be drawn from this part of my report is that
polymers may be well ordered in an ;um)rphous state too, and that this
ordering is a necessary though i for crystal-
lization.

The structural methods give but an indirect possibility of elucidating the
mutual distribution of the large molecules. So far electron microscopy
is the only method for direct observation of polymer molecules. To de-
termine the mutual distribution of lecules in pol, and find the
nature of the crystalline regions a number of attempts has been under-

~talken, of which I am now report]

In the investigation of crystalline polymers with electronic microscope,
complex formations are usually found which penetrate the entire mass
of the polymers and are called spherulites. Usually these formations are
regarded as aggregates of elementary crystals. It could be expected
that by destorying the crystals of a polymer we should also destroy the
spherulites. On the contrary, if we could destroy the spherulites, preserving
the crystallinity of the polymer, we would be able to observe the crystal |
regions in polymers. We carried out such experiments with Koretskaya,

It is a matter of common knowledge that the irradiation of polye }en)e
and polyamides by high-speed electrons reduces them to an amorphous
state. Samples of polyethylene and the copolymer of caprolactam with
hexamethylenediamine and adipinic acid display a high degree of crystal-
linity when examined by the electron microscope and electron diffraction
techniques and readily form spherulites. After the irradiation of thin
films of these polymers they become amorphous, but the spherulites remain
quite unchanged. Figure 5 shows the pt hs of the same sample:
first recorded by means of electron microscopy and electron diffraction,
and then photographed after electron bombardment. The electrono-
grams of the samples show their complete amorphousness, and we can see
that the disappearance of crystallinity is not accompanied by the destruc-
tion of spherulites.

Evidently, the fibrous structure of the spherulites is not caused by an
accumulation of erystallites, but by the mutual distribution of chains,
characteristic of the formation of crystalline structures. It is of interest
0 note that heating up to the temperatures corresponding to the softening
of these irradiated films does not result in any changes in the electron
microscopic pattern either, and we again can be fairly convinced of the
high degree of order which may be observed both in the crystalline and in
the amorphous states of the polymer.

‘When thin films of polyethylene are stretched, the spherolites are de-
stroyed, but the polymer preserves a high degree of crystallinity. Figure
6 shows an electron microscopic photograph of a stretched polyethylene
film (direct enlargement, Io 000) The neck formation is clearly seen,
a pt whose apy is 1 with structural proc
and not with macro-pt asis The stretching
process is accompanied by the destruction of spherulites and the division of
the sample into a system of thin threads. Although spherulites are ab-
sent, no formations bearing distinct resemblance to crystals are to be
observed. The only thing to be observed is a certain unevenness in the
threads, which becomes clearly visible by dusting the samples with chro-
mium or palladium. Figure 6 shows some sections of the threads in which
these formations are clearly to be seen. It is possible that these irr egulm i~
ties in the threads are nothing but the crystalline
of whose presence we can so confidently judge when using the ordinary
structural methods.

Thus we can see that the destruction of crystallites does not lead to the
disappearance of spherulites, and that the destruction of spherulites does
not reduce the crystallinity of the polymer. It is natural to suppose that
the spherulites are not aggregates of crystals, but the result of the ordering
of chains accompanying erystallization.

It is very interesting to note that the ordered bundles of chain molecules
are to be easily observed both in spherulites and in stretching polymer films,
while the crystalline regions themselves almost defy observation. A
number of readily crystallizable polymers, of which gutta-percha is the
most characteristic one, often yield undoubtedly erystalline films which
prove completely blank when examined with an electron microscope.
As for the oriented films of crystalline polymers, they can be seen in the
photographs to be easily divided into fine threads. Small thickenings are
to be observed in these threads, and in certain places the entire thread
seems to consist of small particles divided by thinner sections. Probably
these irregularities are nothing else than elementary crystals, and at any
rate the size of the elementary crystals cannot exceed the size of these
irregularities.
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The formation of thin threads can sometimes be observed in amorphous .
solymers, too. For instance, in tearing a thin film of polystyrene, fine
|hreads may be observed on the spot of the rupture (Fig. 7). Similar pic- .
[ures were obtained in the ruptures of polydichlorostyrene films. Tt is
Hifficult to assume that such threads can be formed of polymers in which the
ihains are in complete disorder, and it seems to me that the appearance of;
Such threads is also a sign of the presence of chain ordering in the initial:
polymer.

One more approach is possible in order to determine the arrangement of
choins in polymers. When strongly diluted solutions of polymers are
evaporated on supports of the substance, it is possible to observe individual
o oules of the polymers with an electron microscope. An inerease in
the concentration of the solution makes it possible to observe the forma~
tion of aggiegates of these molecules. In these studies carried out by
Bakeyev,® polyacrylic acid and its salts were taken as objects because here
the shape of the chain molecules can be easily changed. Pure polyacrylic
acid and its barium salt yield typical pictures of molecules coiled into pe-
culiar spheric globules (see Figs. 8a and 8b). It isof interest to note that in
the formation of aggregates, coiled chains do not mutually penetrate into
each other. The photographs clearly show that the accumulations of
molecules consist of indivigual spherical molecules.

‘A completely different picture is to be observed in the study of the salts
of acrylic acid with strong bases univalent cations. In Figures 8cand 8d we.
see photographs of polyacrylates of sodium and cesium. We see that in
this case threadlike structures appear, which seem tc be the result of the.-
aggregation of uncoiled stretched molecular chains. These studies were.
sarried out with solutions with pH = 6.5, which corresponds to the maxi-.-
mum of viscosity and the greatest asymmetry of chain molecules.

Thus we can see that the stretched molecules of the polymers gather into
bundles of more or less parallel chains. The cross section of these bundles
or fibrils ranges in our experiments from 40 to 120 A. for various salts,
which is equivalent to the number of five to thirteen chains in a bundle.
Completely analogous pictures are obtained for the salts of polyacrylic-
ethers of cellulose soluble in water. In all these cases it is possible to ob-
serve—proceeding from the diluted solutions in which all molecules are
known to be far apart—how aggregates are formed out of the individual
molecules, and how the structure of these. aggregates is connected with
the form of asymmetry of the polymer molecules. In the transition to lin-
ear forms, ordered groups of molecules appear, isting of 1l
oriented chains. These formations are undoubtedly amorphous and the
examples given make it possible to see clearly what a variety of structures
exists within the limits of the amorphous state and to come to the conclu-
sion that the phenomena of the mutual ordering of chains are not in all casgs .
connected with the phase transformations of a polymer.

“Amorphous and crystalline polymers undoubtedly exist, and the extreme.
representatives of these groups are widely different in their properties. At
the same time it is difficult to find properties which the representatives of
both groups do not possess. For instance, crystalline polymers often dis-
play highly elastic deformation, while amorphous polymers are deformed
‘with the development of a neck similarly to erystalline polymers. Studying
the sorption capacity, it is sometimes impossible to find any difference be-
gween crystalline and amorphous states of polymers, One may say
{hat the difference between these states in polymers much less pronounced
than in the anal low lar Usually attention is
paid to the peculiarities in the structure of the crystals of polymers. In
the present report I wished to draw some attention to the structure of
amorphous polymers and to those phenomena of ‘their chain ordering which
can take place without phase transformations. The conclusion may be
drawn that, while the crystalline polymers differ from the ordinary crys-—
fals by a lesser degree of order, it is by the high degree of order in their mole=
culgs that the amorphous polymers differ from low molecular liquids and.
from amorphous bodies. The presence of long molecular chains prevents
the growth of crystals and favors the formation of well-ordered clusters and.
oriented structures, and this is the reason for relating the properties of’
these systems.

The appearance of well-ordered amorphous systems often leads to a mis-
understanding based on the fact that amorphous polymers (or amorphous
regions) are considered to be a system of chains irregularly interwoven, and
the crystallization of the polymers is meant to be the only source for the in-
troduction of order. 'This results in looking upon any ordered polymer as
& mixture of a crystalline and an amorphous part, regardless of whether the
ordering is connected with crystallization or not.

The view that cellulose is a crystallized polymer may be given as an ex-
ample of this attitude.

A number of facts testify to the mutual ordering of the chains of linear
polymers. It is possible that this ordering is a necessary though insuffi-
cient condition for crystallization. In fact, it is very difficult to imagine
rapid formation of any ordered structures or crystals in a system of chains
interwoven without any semblance of order. ~Such a process can only take
place at a relatively slow rate as is the case, for instance, in the crystalliza~
tion of unstretched rubber. But when crystallization proceeds at a rapid
rate, and the melting temperatures of the crystals vary over a very narrow
range,? this means that no considerable displacement of long sections of the
chains occurs in the process.

This, in its turn, means that a certain order in their distribution has been
reached before crystallization. Polymers crystallizing at a rapid rate
should be those with highest order in their amorphous state.

Though the erystallites of polymers form within the limits of bundles of
mutually oriented chains or fibrils, there is no reason for considering these
formations identical. The question of the geometrical forms of the crystal-
line areas is not yet clear and will become the object for future studies.
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Synopsis A

Tn order to determine the structure and phase state of polymers and to define the spac-
ing of molecular groups or atoms of which molecules of the substance under investigation
consist, it is necessary to estimate the mutual distributien of macromolecules. The
results of a number of investigations carri the clectron microscope and by direct

2 ining such an estimation. In this
work the formation of ordered structures in amorphous polymers has been found by
investigating solutions of polymers with the electron microscope. The study of thin
oriented films of polymers by the above method confirms the pessibility of mutual dis-
tribution of amorphous polymer chains and of crystallizable polymer chains after de-
als. Ininvestigating thin films of crystallizable polymers by the x-ray
tion tochniques at temperatures above and below the crystalli

and the electron dif
tion temperatures, a high degree of ordering has been found for the amorphous state of
these polymers, too. TFrom the datd obtained, the conclusion is to be drawn that a

fair mutual ordering of chain molecules can arise even in the amorphous state of poly-
mers. Crystallization of polymers is bus the last step in the process of mutual ordering
of chain molccules. )
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The experimental intensity curves of electron scattering for polyethylenetere-
ate in crystalline (dashed line) and amorphous states (solid line).

Fig. 3. Electron diffraction patterns. (a) Crystalline polyethylene film fully drawn.
(b) Polycthylene film fully drawn after destruction of crystalline regions.

)

Fig. 4. X-ray diffraction patterns. (a) Crystalline polytetrafiuoroethylene film fully
drawn at 20°C. (b) Polytetrafluorethylene film fully drawn at 390°C.

Fig. 5. Electron mi (a) Poly film 16,000X. (6
i and adipinic acid cast

from ethyl alcohol) supported on nitrocellulose. ~ 12,000X.

+6. Electron micrograph of polyethylene flm fully drawn (chromium shadowed)’
15,000X.
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Fig. 7. Electron mi of ruptures of poly films, 12,000X.

Fig. 8. Blectron micrographs. () Polyacrylic acid 120,000X. (b) Polyacrylate of
barium 120,000X. (c) Polyacrylate of sodium 120,000X. (d) Polyacrylate of cesium
180,000X.
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On the Phase Structure of Cellulose

N. V. MIKHAILOV, Man-Made Fiber Research Institute, Moscow, U.S.8.R,

The phase structure of cellulose is the subject of extensive research work,
but the results of these studies are contradictory. This may be explained
by the difficuliies associated with the experimental technique. The ex-,
perimental solution of this question is important, both in further developing
cellulose chemistry and in finding the most rational ways of producing
regenerated cellulose fibers of the highest elastic tenacity. The results of
experimental studies which were carried out together with academician
V. A. Kargin, as well as the works of other scientists’? on the structure
and physical and mechanical properties of regenerated cellulose fibers and
cellulose ester films characterized by comparatively low molecular chain
orientation, give convincing proof of the amorphous structure of cellulose
in these substances. These studies showed that the transition of such
cellulose fibers and films with a low degree of orientation to the isotropic
state is a reversible process, At present, this conclusion is reccgnized by
s, and there are no objections tc it. However, the structure
nted cellulose was not clear. One might expect that cellu-
lose fibers crystallize, like natural rubber under strain, at a high degree of
orientation and that some kind of erystal ‘“melting” and transformation
back to the amorphous state occurs in the swollen cellulose at a high tem-
perature.

In a recent work,? we observed the structure of oriented regenerated
cellulose fibers over the wide range of elongation of 0 to 200%. Texture
diagrams were taken for these fiber specimens, and x-ray patferns were
taken while rotating a fiber specimen about an axis coinciding with the
direction of an x-ray bean. way we obtained x-ray. pad
cal to Debye diagrams of pic fibers. One can easily se
interference in the diffraction rings produces arcs on the film analogous to
Debye rings. The arcs, which appear only under the influence of orienlya,—(
tion caused by external mechanical forces, can be found just at the sites
corresponding to disturbances in the near-order symmetry in an isotropic
specimen. If we compare such an x-ray diffraction pattern to that of a
chemically identical, but unoriented sample, we may observe some new
breaks in the pattern and use them as the basis for evaluating phase transi-
tions accompanying changes in the structure of a pclymer. If new inter-
ferences do not appear, it may be said that the phase condition remained
unchanged.  As is known, this point of view was first sucressively expressed
by Katz* in discu .

An x-ray diffraction pattern of a cellulos stretched to 180%,
(Fig. 1a) is compared to that of ramie cellulo 1b). It may be
seen that the pattern of the regenerated cellulose fiber is more complex,
both in the number and character of interferences.

According to the botanist, Niigeli, and extensive x-ray studies, the native
lulose is considered to be a crystalline polymer. From a rigorous
eration of the geometry, one might suppose that the appearance of
such a rich diffraction pattern with regenerated cellulose fibers is due to
the crystallization of cellulose in the process of stretching. It is known,
however, that the crystallization of a substance is accompanied by a si-
multancous and sudden change in the symmetry; therefore, some new
features should appear on the x-ray puttern besides those which are due to
anisotropy of external mechanical forces applied to the fiber during stretch-
ing. X-ray diffraction patterns of fibers in various conditions were ob-
tained. Figure 2 shows x-ray patterns of (a) a highly oriented regenerated
cellulose fiber; (b) the same fiber specimen in a form similar to that of a
Debye-diagram prepared according to Katz, and (c) of the same fiber in
an isotropic state. Corresponding values of interplanar distances for
highly oriented regenerated cellulose fiber are listed in Table I. A detailed
examination of these x-ray patterns and interplanar distances revealed ng
new diffraction rings in cellulose in a highly oriented fiber,

2

iz the phenormenon of rubber crystallization.
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If we account for the corresponding data for egenerated fibers of ‘mtf.xu
medinte degrees of orientation, we may see they are quite lc?cuh(daqo':‘zr
the whole transition range from an isotropic to a highly un_emcl state,
and, therefore, there are no sudden changes of® symmetry in t)et fibor
structure. Thus, we may conclude that the distinct, almost spor-/+e,
ares obsorved in -ray  difiraction patterns of highly oriented celldlo
fber are not caused by the phase transition of cellulose into the erysta "He
state, and that the fiber structure does not involve a tnermvotf})nnnz{‘:u}:
equilibriated system, but a practically stable one having very large relas
tion periods.
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Further studies were directed toward exploring structural features of

native cellulose in connection with the interesting studies of K. Meyer

ard G. Badenhiitzen’ on imitation of native cellulose structure in regener-

ated cellulose. It is known that such structural changes take place in the

swollen fibers at high temperatures. It indicates that the native cellulose
ification is thermod. ically stable.

Figure 3 shows the x-ray diffraction patterns of a highly oriented, re-/
generated cellulose fiber (a); the same fiber after immersion in glycerol for|
two. hours at 250° (b), and a sample of ramie cellulose (¢). The x-ray\ |
diffraction patterns of these fibers show that it is possible thus to obtain a
native cellulose modification of a highly oriented regenerated cellulose and
to get rather complete identity of structure as well as of the degree of
molecular chain orientation of the fiber. The structural identity is con-
firmed by the of corr ding interplanar di (see Table
1), and the high degree of orientation, by the distinctness of the pattern.
A question arises, in this connection, as to what are the differences and
similarities in the structure of these fibers. In this case, the difference
lies in the fact that regenerated cellulose fibers are produced in a chemical
way and thus, as was mentioned above, we know their phase structure,
while the structural history of a native fiber in the concerned region is,
unfortunately, not known to us. If we examine the said x-ray patterns
from the point of view of formal geometry, we may say they are analogous
to the patterns of crystalline substances. One of these patterns definitely
corresponds to the amorphous state of cellulose, but we have no reasons |
to believe that the structure of native cellulose is a crystalline one. We,
tried to check whether these structural changes are reversible.

Tigure 4 shows the x-ray diffraction patterns of a highly oriented re-
generated cellulose fiber (a), of the same fiber on its transformation into a
native cellulose modification (b), of the same fiber on transformation back
to a modification of regenerated cellulose by treatment in 16% for 15
minutes (c), and, finally, after reconversion, by heating in glycerol at
250°C. again, back into a native cellulose modification (d). It may be
seen from these data that the cycle of structural transitions from regener-
ated cellulose into a native cellulose modification and back is a closed one
and may be repeated many times. But, in contrast to the direct transition
which requires an increase of k7T value to overcome the barrier of chain
rotation, the reverse transition to the regenerated cellulose occurs spon=
taneously, as swelling in alkalifacilitates the transition.

The results of these investigations confirm V. A. Kargin’s conclusion®
that native cellulose differs from regenerated cellulose, not by phase
structure, but by the configuration of units in the macromolecular chain,
each species having its own equilibrium form.

In spite of a good agreement of structural and mechanical data, we

idered it necessary to investi the thermodynamical properties of
cellulose to get a final proof of the ideas expressed about the phase structure
of " cellulose.

Tt has been shown? that t} hemical methods of investigation, e.g.,
the measurement of solution heat, are very useful, having been used success-
fully in studying the phase structure of polystyrenes and polyamides.
Together with the investigation of the structure, these methods can help to
answer the question of phase structure of polymers.  Here it must be men-
tioned that the widely used method of measuring the heats of wetting of
cellulose cannot be considered reliable, as these values characterize only a
certain part of the enthalpy of the system and depend upon the previous
history of the sample, its size and surface, and other factors. Therefore,
we decided to use the method of measuring integral heats of solution of cell-
ulose in 34% aqueous ions of y jum bases of the type
(C2H;)CeHyNOH. The final concentration of cellulose in the solution was
also constant (~ 1%). The weight of the samples was 0.2-0.25 g. The
measurements were carried out in an adiabatic calorimeter permitting the
measurement of heat evolved up to 0.2 cal. The accuracy of the measure-
ments in studying the cellulose was within 1-2%. The cellulose dissolved

during the i The integral heats of solution were

1for (1) R d cellulose fibers of different degrees of orien-

tation produced by spinning in a wide range of stretch of 0 to 120% elonga~

tion; and (2) viscose fibers of various spinning conditions characterized by

different degrees of orientation and different physical and mechanical
properties.

The results are listed in Table IT and IIT.

TABLE I
Integral Heats of Solution of Regenerated Cellulose Fibers as a Function of Stroteh

Degree of orientation, % clongation o 50 75 100 120
Feat of solution, cal/g. dry wb. 35.84 3471 3518 3467 34.28

The above results show that the heats of solution vary within the limits
of experimental error and that a slight tendency towards lowering the ther~
mal effect with ori jon is not istic of ing the enthalpy of
a substance in the process of crystallization. The results of x-ray investi~
gations, viz., the absence of phase transitions in the cellulose during the
Pprocess of imparting orientation to the fiber were thus confirmed with the
help of quite independent data.

Analogous measurements were made for different types of regenerated
cellulose fibers, and x-ray diffraction patterns were obtained for (1) an iso~
tropic fiber spun in an alkaline bath (Fig. 58), (2) a high tenacity viscose
fiber of a medium orientation spun in an acid bath in the presence of salts
(Fig. 5b), and (8) a highly oricnted super-tenacity viscose fiber spun in 2,
concentrated acid bath (Fig. 5c.).

TABLE TIT
Integral Heats of Solution for Different Types of Regenerated Cellulose fibergs
Sizo of an of solution,
individual Tenacity cal./g. dry
Sample filament DP kg./mm.? g./denier weight
1 25 300 7.5 0.55 35.97
2 18 350 45.0 3.5 37.29
3 3 650 90.0 6.6 36.88

X.ray patterns of the fibers are quite different. Tt might seem that such
differences in the textures should be reflected in sharp differences in solution
heats. Thisisnob the case, however. This is very important, as the values
of thermal cffects of solutions are found to be practically independent of
spinning conditions and of such peculiaritics in physical and mechanical
properties as size, type of surface, molecular weight, and fiber structure. |

Thus, the results of thermodynamical and structural studies of phase
stracture of cellulcse are found to be in good agreement, which permits the
following conclusions® (1) The regenerated cellulose fiber does not change
it5 phase condition and remains amorphous over the whole range of stretch-
ing from an isotropic to a highly oriented state. (2) Viscose fibers spun
under different cenditions have the same phase structure.
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Synopsis

Earlier in our work with Kargin we expressed for the first time the assumption con-
cerning the amorphous structure of cellulose. This assumption was proved in the case
of partially oriented fibers and films of hydrated cellulose on the basis of structural-
mechanical data. A perfect reversibility of the orientation of these fibers was clear
from these data as well as a far-reachirig analogy between the x-ray diagram of iso-
tropic cellulose and similar diffraction diagrams of amorphous rubber and low molec-
ular weight liquids. At present, this conclusion is recognized by many research workers
and there are no serious objections to it. It was, however, not clear whether it is pos-
sible to apply this statement to “perfectly oriented” hydrated cellulose. - There had
already been obtained textures with a similar or even higher degree of orientation than
‘with native ramie cellulose. The inflpence of the orientation on the crystallinity of the
fibers of hydrated cellulose in the entire range of extension up to 200% was therefore
studied. The x-ray investigation of these fibers according to the criteria of Katz
showed that the structure of fibers of hydrated cellulose similar to ramie cellulose as
determined from the Debye diagram did not differ significantly fror the Debye dia-
grams of the initially isotropic fibers. From this it necessarily follows that during the
orientation of the fibers new elements of symmetry do not arise in their structure.
Turther x-ray research was directed to studying the differences of the phase structure
of hydrated cellulose and its structural modification prepared according to the method
of Meyer and Badenhiitzen by heating completely oriented fibers of hydrated cellulose
in & polar liquid. At the same time it was found that the transition of hydrated cellulose
to its modification, native cellulose is thermodynamically reversible and that it can
be repeated many times. The direct transition of native cellulose to hydrated cellulose
oceurs spontaneously and is connected only with a decrease of the force acting between
the molecules os a result of swelling. The reverse transition; however, requires an in-
crease of the value of k7. This is required only by the differing flexibility of the
chains of these modifications of cellulose caused by their differing configuration and not
at all by a change of the phase structure of the cellulose.

Since the structural criterion is not adequate for the definitive derivation of the phase
structure of cellulose, we determined the integral heat of solution of cellulose fibers
of differing structure and molecular weight in an aqueous solution of the quaternary
ammonium base (C,H;):NC¢H;OH in an adiabatic calorimeter with sufficiently high
precision. The results obtained show that the heat content of hydrated cellulose does
not change over a wide range of orientation of the fibers and that it does not depend on
the molecular weight of cellulose nor on the history of the fiber. The absolute values
of the corresponding quantities for native cellulose differ only slightly. They change
continuously and without breaks on transforming native cellulose to hydratec. cellulose
by often repeated xanthogenation and regeneration under the action of mineral acids,
without damaging the fiber structure. At the same time this rules out phase differences
in the structure of both modifications, hydrated cellulose and native cellulose.
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Fig. 1. Xeray diffraction patterns of cellulose fibers: (a) regenerated cellulose fibers
stretched to 180% and (b) native ramie cellulose.

X-Ray diffraction patterns of oriented and isotropic regenerated cellulose
ers: (a) ¥ patterns of an oriented fiber, (b) x-ray pattern of an oriented fiber
similar to Debye-diagram, and (c) x-ray pattern of an isotropic fiber.

Fig. 3. X-Ray diffraction patterns of various structural modifications of cellulose |
fibers: (a) x-ray pattern of a highly oriented regenerated ceflulose fiber, (5) x-ray pattern

of a highly oriented regenerated cellulose fiber whose structure imitates that of native
cellulose, and (c) x-ray patterns of native ramie cellulose.

. 3 '
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Fig. 4 X-Ray diffraction patterns of regenerated cellulose fibers subjected to struc-
tural transformations: (@) x-ray pattern of a highly oriented fiber, (b) x-ray pattern
of & highly oriented fiber whose structure imitates that of native cellulose, (¢) x-ray pat-
tern of the same fiber treatéd with 16% NaOH, and (d) x-ray pattern of a highly oriented
fiber treated with glycerol at 250°C.

ction patterns of different types of rayon: (a) x-ray pattern of an
- pattern of a high-tenacity viscose fiber, and (¢) x-ray
pattern of a super-tenacity viscose fiber.

Fig. 5. X-Ray diffra
isotropic viscose fiber, (b) x-r:
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On the Oxidation Mechanism. of Rubbers in the -
Presence of Inhibitors STAT

1. G. ANGERT and A, S. KUZMINSKIT, Scientific Rescarch Institute -
of the Rubber Industry, Moscow, U.S.S.R.

One of the main causes of irreversible changes in the structure of polymer. STAT
molecules is the oxidation of the latter by molecular oxygen. The result
of this process is the aging of raw and vuleanized rubber, i.c., a loss in,
jmportant physical properties during storage and @se>

Initiation of the oxidation reaction may be dueto heat,
irradiations, mechanical stresses, and other factors.

“As was shown in a number of papers,'~8 free oxidation of rubbers proceeds
in the same manner as oxidation of low molecular weight hydrocarbons by
the mechanism o ated branched chain pr . The kinetics
and mechanism of the process change sharply under the influence of various
additives, including inhibitors.

Along with the similarities in the oxidation mechanisms of polymers and
of low molecular compounds, there are a number of essential differences in /
the character and kinetics of these processes vesulting from the specific
nature of-polymer molecules. i

While the length of the oxidation process chain for free oxidation of
tetralin at 100° is equal to 393, in the case of oxidation of Na-butadiene
rubber it is only equal to 8-10.5

“Aw o result, of this, and also because of the low diffusion coefficient of
inhibitors in polymers, the effectiveness of inhibitors in rubber is much
less than in low molecular weight hydrocarbons. Consequently, the rational’”
concentration of inhibitors in Taw and vulcanized rubbers usually exceeds
‘hoir concentration in low molecular weight hydrocarbons by 50 to 100-
fold.

Due to the great length of the polymer chains, minor chemical trans-.
formations resulting from inhibition processes lead to considerable changes
in structural and physical properties of the polymers.

Oxidation of raw and vuleanized rubbers during storage and exploitation,
resulting in a loss of their plastic-clastic properties, proceeds in the presence
5f antioxidants and a number of other ingredients acting as inhibitors of
chain processes.

T this connection, it is quite obvious how important is the study of the
problem of inhibited oxidation and of the mechanism of inhibitory action
in ereating effective protection of raw and vuleanized rubber against ther-
mal aging.

Tn recont years, o considerable number of papers®~* have been devoted
4o investigation of the process of oxidation of rubbers in the presence of
inhibitors.

Tt should be noted that the data given in these papers are often very
contradictory, and the schemes describing the mechanism of inhibition are,
as a rule, not based on experimental data.

In order to throw light on the hanism of inhibited oxidation of
rubbers, we have attempted in this study to determine the nature and
Kinetics of the changes undergone by the rubber and inhibitor in the proc-

oo and also to investigate the dependence of the effectiveness of inhibitors
on their concentration and on their molecular structure.

The study of inhibited oxidation is connected with many experimental
difficulties, resulting chiefly from the low process rate and the corr espond-
ingly small chemical changes of the rubber, the loss of the solubility of the
oxidation products and impossibility of their separation, as well as the low.
concentration of the inhibitors in the rubber.

All these circumstances make it necessary to use many and various:
methods of research, as well as to modify a number of the accepted methods.

T
ight, ioMizing.

KINETICS OF INHIBITED OXIDATION OF RUBBER

The hiydrocarbon of Na-butadiene rubber (further referred to simply as
rubber), obtained by thoroughly purifying a commercial polymer, \as the
object of rescarch. Films 0.15-0.25 mm. thick were studied. The anti-
oxidant most widely used in the rubber industry, phenyl-g-naphthylamine,
o eoondary aromatic amine, was chosen as the inhibitor for use in the
experiments.

Fhe linetics of the oxidation process were studied by oxygen absorption
measured on @ volumetric microoxidation apparatus (Fig. 1). The appa~
Tatus used was equipped with highly sensitive horizontal manometers,
Tioreburets, and barostat vessels, which, combined with the small volume
of the system and its isolation from the surrounding atmosphere, provide
high sensitivity (up to 0.01 ml. of absorbed oxygen) and great accurasy.
The reproducibility of results obtained with the microoxidation apparatus
. samples of rubber taken from one and the same refined batch can be
seen from the data represented in Figure 2.

Gurves 1 and 3 (Fig. 3) desoribe free oxidation of rubber (in the absence
of inhibitors). At 70°C., the rate of oxidation is constant at the beginning
of the process; this is a result of the predominant development of primary
nbranched reaction chains. This is followed by acceleration of the process
and transition to autocatalysis; the latter is characterized by development
% seoondary branched chain reaction. The process rate changes by 8 to
4 oo CAt a temperature of 150°C., the constant rate period is absent
and the process from the very beginning is an autocatalytic one.

The owidation process at a temperature of 70°C. with a 1% inhibitor
content, (here, as elsewhere, on the basis of weight) slows down 6.5 times
Quring the period of constant rate. A drop in the oxidation rate takes
place as a result of a decrease in the primary chain length due to the in-
crease of the probability of chain termination.

e Simultancously observed increase of the length of the constant rate
period (induction period) indicates that the inhibitor also serves to hinder
Hhe formation of an intermediate product with chain branching as result
of its decomposition.

A rolatively long induction period is observed at 150°C. in the presence
of the inhibitor.

Figure 4 shows the kinetics of inhibited rubber oxidation at temperatures
of 100-105°C.
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The values of oxidation rates are given in Table I.

TABLE I
Rubber Oxidation Rate in the Presence of 1% Phenyl-g-Naphthylamine

T, °C. V X 10% ml. O./g. scc. STAT

100 0.39

110 0.82

120 1.69

130 4.36

150 13.50

The mean activation energy of an inhibited oxidation is 21.3 ¢ali/mole.
The activation energy of autocatalytic oxidation is only 15 eal:/mole.

If the inhibitor is absent at the beginning of the process, but is intro-
duced during the Iytic stage of then the process is
sharply retarded, and, after a short period of time, the rate becomes
steady. (Tig. Thus, the inhibiting action of the antioxidant holds
also for the autocatalytic process.

The Transformation of Rubber During Inhibited Oxidation

In the process of inhibited oxidation, various oxy groups
accumulate in the polymer molecules. We made a study of the kinetics of
accumulation of aldehyde groups (by the bisulfite method), carboxyl
groups, and peroxide groups (by the iodine method) which takes place
during the oxidation of rubber at a temperature of 120°C. in the presence
of 1%, phenyl-g-naphthylamine.

From results presented in Figure 6 and Table IT, onc can see that the
greatest amount of oxygen is found in the form of aidehyde groups. The
hydroperoxide group content is extremely low (curve 3 is tentatively drawn).

TABLE IL |
The Rate of Accumulation of Oxygen-Containing Groups During the Oxidation of |
Rubber in the Presence of 1% Phenyl-g-naphthylamine at 120°

- il Amount of

@a o 0. found, millimoles/mole e,

oxidation,  Peroxide  Aldebyde  Carboxyl millimoles

groups groups groups Total /mole

0.02 1.64 0.58 1.37 3.51

0.03 5.50 0.50 3.28 7.08

X 10.50 0.60 5.89 14.10

0.06 15.00 1.20 8.76 28.30 STAT

© 8w e
o
°
2

- This was rather unexpected, since, according to the present conception, the
role of hydroperoxide in the devel of oxidation processes at moderate
temperatures is a major one. The observed phenomenon can hardly be
explained by the peroxide decomposition of peroxide with formation of
aldehydes, as the rate of such a reaction is rather slow under the given test
conditions. One could believe that the absence of peroxides is due to their
interaction with inhibitor resulting in the formation of stable products,
4., in the inhibition of the process. However, a detailed investigation of
the effect of phenyl-g-naphthylamine on the rate of decomposition of

\ rubber hydroperoxides in solid rubber in an atmosphere of pure nitrogen
showed that phenyl-g-naphthylamine does not react with rubber peroxides.
From the above data we may conclude that the aldehyde, but not the
peroxide, is the main primary product of the inhibited oxidation of polymer.

By the infrared spectroscopy method, we were able to discover in the
oxidized rubber the appearance of some amounts of carboxyl groups (see
Tigure 8; absorption band spectra in the neighborhood of 3400 cm.—Y).

It should be pointed out that, during autocatalytic-oxidation-at-tem—.
peraturcs of 100-140°C. Jthe hydroperoxide groups contain only a small
amount of oxygen, the bulk of the oxygen being found in carbonyl, car-
boxyl, and ether groups.®'*

The structural transformations of polymer molecular chains were studied
from the produced changes during oxidation in the solubility of the polymer
in benzene (the initial polymer was completely soluble), the viscosity of
its benzene solutions, and the equilibrium modulus of heat vulcanizates,
which represents a value proportional to the number of crosslinks in the
polymer.

The heat vulcanizates were obtained by heating films of rubber in a press at a tem-
perature of 220°. The modulus determination was made by the creep method. -

The results obtained are given in Figures 8 and 9. As has been shown in
. a number of papers, the oxidation of rubber is accompanied by two simul-
taneously proceeding processes, 7.c., destruction and crosslinking of molecu-

lar chains.

In the case of free oxidation of rubber oceurring as a result of competition
between these two processes, crosslinking predomins this is distinctly
shown by the data depicted in Figure 9 (curve 1). On the other hand, in
the presence of an inhibitor, the initial period of oxidation is characterized
by clearly marked polymer destruction (Figs. 9 and 10).

According to data obtained from studies of the oxidation of low molecular
weight hydrocarbons at high temperatures,!* cular chain rupture is
connected with the isomer i , followed by its
decompositi e s place by interaction of the |
decompo with other molecules or radicals of the polymer.

! Thus, the formation of a three-dimensional structure is related to the growth
of the reaction chain.

The presence of an inhibitor in the system undergoing oxidation leads
to a termination of the reaction chain in one of the first links, which con-
tributes to lowering the crosslinking rate, i.c., to a change in the ratio be-
tween the rates of crosslinking and of destruction, the role of destruction
increasing.

The Behavior of the Inhibitor in the Rabber Oxidation Process

As was established in a number of our previous studies,®' in the course
of rubber oxidation the inhibitor is used up and it attaches itself to the
molecules of the rubber.

It was also shown that, in the presence of 0.5-0.7% of an inhibitor, the ~
rage of consumption of a free inhibitor is equal to the rate of combination :
with rubber and has an appro: mmtcl\' constant value which is independent
of the initial concentration.* At the same time, the phenyl=

amine was determined by colorimetric analysis forthe colored
p\odu(‘{: of the combination of thc inhibitor with a diazo component. The
relationship found for the rate of consumption of the free inhibitor when
its content in the rubber is low made it possible to calculate the rate of
initiation of the oxidation process, as well to establish the effect on the
rate of initiation of such important factors, as the nature of the polymer,
mechanical stresses, oxygen concentration, etc.
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If, however, the behavior of an inhibitor at large initial concentration is
exposed, then the pattern changes essentially. Curves, characterizing the
kinetics of combination of phenyl-g-naphthylamine with rubber (curve 1)
and the kinetics of free amine consumption (¢urve 2) at initjal concentra-
tions of 0.7, 1.0 and 4 weight % at a temperature of 120°C. are presented
in Figure 11.

The determination of amine was made by nitrogen content. Free amine
was in an extract of oxidized samples of ruliber determined by the Duma
micromethod; combined amine was determined by the Kjeldahl micro-
method.

The fact that the total of the free and the combined nitrogen corresponds
to the original content (curve 3) is evidence that the methods used are
sufficiently accurate.

STAT

By the term combined nitrogen is meant nitrogen entering into the molecule of an,’
amine which is combined with the rubber or one which remains free.

When the inhibitor content exceeds 0.75%, the kinetics of its combination®

with the polymer are nonlinear. The rate of inhibitor consumption becomes

a function of its initial concentration. The last shows that, under these

conditions, the inhibitor undergoes additional transformations. It fol-

lows, then, that it is necessary to determine whether all the free nitrogen

is in the molecules of the unchanged phenyl phthylamine or whether

! nitrogen containing amine conversion products also accumulate in the

extract.

In order to ascertain this, the data on kinetics of free nitrogen consump-

tion, as determined by the Duma method, were compared with the colori-

strically determined kinetics data which show the quantity of free phen-

y1 B-naphthylamine (Fig. 12). On the basis of the results of experiments

conducted at 130°C., it can be said that there is quite a large divergence

between the two kinetic curves. The greater the initial concentration of

the inhibitor in the rubber, the larger is the above divergence between the

curves. The total quantity of free nitrogen does not correspond to that con-

tained in the molecules of phenyl-g-naphthylamine. It follows, then, that

nitrogen is present, not only in the unchanged molecules of the amine, but

also in other compounds representing amine-con on products accumu-.

lated during the inhibited polymer oxidation proc

In order to understand the mechanism of the action of the inhibitor, it

is extremely important to determine the nature of its conversion products.

‘We succeeded in obtaining some data on this by spectroscopic analysis of a

rubber extract which had been oxidized in the presence of an inhibitor.

Infrared absorption spectra of phenyl-g-naphthylamine and of an extract
of oxidized rubber are given (Fig. 13).

All infrared absorption spectra were obtained with a TKS-2 two-beam spectrograph.
inhibi ¢ obtained on solid samples in the form of thin films on
< determining rubber-spectra:——

i a KBr plate. Films 20-40 [t

Tor comparison, the spectrum of phenyl-g-naphthylamine after oxidation
with molecular oxygen is also shown.

On comparing the spectrum of the extract with that of the original amine,
one may note a decrease in the N-—H bond concentration (3450 and 860
em.—Y), a sharp increase in the C—N or N—N (1260 cm.—) bond concen-
trations, and the appearance of absorption bands which correspond to
@ f-substituted naphthalene nuclei oscillations (750-770 cm.—%).

It is noteworthy that changes observed in the spectrum of oxidized
phenyl-g-naphthylamine are completely similar to those described above.
Thus, in both cases one can assume the formation of products of the type:

10 070
00 000

In the ultraviolet region, the spectra of all the three products studied
were identical, an indication of the absence of any changes in the aromatic
nuclei.

In studying the effect of phenyl-g-naphthylamine concentration on the
kinetics of rubber oxidation, we discovered a marked ntration depend-
ence of the effectiveness of Lhe inhibitor (Iig. 14). The curves describing
the dependence of the rate of oxygen absorption by the polymer and also
the accumulation of peroxide and aldehyde groups upon the inhibitor con-
centration have a minimum at a concentration of 1% (Fig. 15). (The rates
were obtained from the initial portions of the kinetic curves.) The left,
descending branch of the curve is typical of such a relationship for inhibited
processes.

As = rule, however, when a certain concentration is reached; a phenome-
non of “saturation” is observed in the process of inhibition. A further in-
crease in the content of the inhibitor has practically no effect on the rate of
the process. Flowever, in the case of inhibited oxidation of rubber, an
increase of the inhibitor content above the concentration of “saturation”
leads to some increase in the rate of oxidation. Such a phenomenon may
result from the action of molecular oxygen on the inhibitor molecules
under the experimental conditions, with formation of active radicals
capable of serving as initiators of polymer oxidation. Thus, the inhibitor
simultaneously exerts an inhibiting and an initiating effect on the oxidation
of rubber. In all cases, the former prevails over the ]ntte Pt |

However, since the initiating effect of the amine incr i\nﬁmtelv with K
increasing amine concentration, the inhibiting effect of the-amine at a
concentration close to saturation starts to decrease.

EFFECT OF A NUMBER OF PHENYL-3-NAPHTEYLAMIN]
DERIVATIVES ON THE OXIDATION OF RUBBER

On the basis of the fundamental concepts of organic chemistry, the
inhibiting action of amines is usually related to abstraction of the amine
hydrogen atom from their molecules. We thought it interesting to estimate
experimentally the role of mobile hydrogen atoms in the phenyl-g-naphthyl-
amine molecule during the process of inhibition of rubber oxidation. With
this in view, we studied the inhibiting action of the following two phenyl-g-
naphthylamine derivatives, in each of which one of the most mobile hydro-
gen atoms is absent: phenyl-a-methyl-g-naphthylamine and N-methy
phenyl-g-naphthylamine.

In Figure 16 are presented results obtained during the determination of
the length of the induction period for the oxidation of natural rubber hy-
drocarbon the ioned and also phenyl-g-naph-
thylamine in the amount of 10.0 millimoles/1. Tt is evident that the absence

ok mme\h)drogen leads to practically full suppression of the amine inhibi-

g tion power, i.e., rily the N—H bond is responsible for chain termina-

tion. Some decrease in the inhibitor effectivenes 50 observed in the

case of substitution of the hydrogen atom in the a-position of the naph-

i thalene nucleus. This may be connected partially with the participation

1. " of the atom in the process of inhibition and also with its influence on the
mobility of dle\mijine/ hydrogen.
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Tt is known that secondary amines do not inhibit polymerization and
also do not influence the process of thermal crosslinking of polymers if
oxygen is absent from the system.’s!® On the basis of these facts it can
be stated with a high degree of certainty that abstraction of hydrogen from
the amine occurs as a result of the interaction of the latter with the oxygen- %
containing radical of the polymer chain. i

On abstraction of the hydrogen atom from the amino group a phenyl- S

naphthyl-nitrogen radical is formed which, shown above, combines 4
with the polym ain. [

In order to determine the role of this radical in the process of inhibition; -
we investi the inhibiting action of its s 2, the diphenyl-nitrogen

radical, which is formed under conditions of oxidation as a result of decom-
position of tetraphenylhydrazine. As was proved experimentally the
diphenyl-nitrogen radicals inhibit the oxidation of rubber, and their effec-
tiveness even exceeds, to some extent, the cffectivencss of diphenylamine.
This serves to prove that the radical of the inhibitor also terminates the
reaction chains, recombining with the radicals of the hydrocarbon under—
going oxidation.

Data exist, which show that, in the absence of oxygen, tetraphenyl-
hydrazine, as well as the amines, has no effect on polymerization. This
gives reason to assume that the diaryl-nitrogen radical may, as does the
amine, interact ouly with hydrocarbon radicals containing oxygen.

The Effectiveness of Inhibitors as-a Function of Their Molecular Structures;

In as much as the inhibition of an oxidation process by secondary amines
is connected with rupture of the N—H bond and formation of a radical
with a free valence at the nitrogen atom, the effectiveness of such inhibitors STAT
must increase with decreasing activity of the radical formed and correspond-.
ingly decreasing N—H bond energy. From contemporary ideas on the
relationship between the reactivity of molecules and their structure, it fol-
lows that the relative activity of the radical A- and the energy of the A—H
bond, which is a function of the activity, decrease with an increase in the
conjugation encrgy of the radial “free” electron.

To throw light on the relationship between the effestiveness of inhibitors
of the secondary amine type and the above mentioned factors. we investi-
gated the inhibiting action of a series of amines, having diffe. ent numbers
of aromatic nuclei per molecule. This series consisted of the following

dip lamine, phenyl-g-naphthylamine and di-g-naphthyl-
amine. The evaluation of the relative reactivity of these amiues in reac-
tions connected with N—IT bond rupture was by the speed of their inter-
action with a,a-diphenyl-g-picrylhydrazyl, a low-activity radical.

According to literature data,* this radical reacts readily with amines and,
on abstracting the hydrogen mom from the amino group, is transformed into
the saturated molecule, a,a-diphenyl-g-picrylhydrazine. The kinetics of
such a reaction can be followed easily by measuring the gradual decrease
in the intensity of the violet color of the benzene solutions of both com-.
ponents, which is connected with the disappearance of hydrazyl.

Tigure 17 shows the kinetics of the reaction of the hydrazyl with phenyl-
B-naphthylamine and N-methyiphenyl-g-naphthylamine. (Photometric
measurements of the solutions were made with a spectrophotometer or a
photocolorimeter). As is evident frova the data, the Lydrazyl does not
react with N-methylphenyl-g-naphthylamine.

On the other hand, of lead dioxide (an oxidizing agent used for prepara-
tion of hydrazyl from hydrazine) is added to the solution in which the reac-
tion between phenyl-g-naphthylamine a.id hydrazyl Kis beer carried out,
the violet colour of the solution is restored.

The two above-mentioned results coniirm the data attesting to the fact
that the reaction of the hydrazyl with amines procec i
amine hydmgel& and conversion of the hydrazyl into a satu

of h;

vdiazyl itscli does not undergs any change the-ben—
lution over a long period of time (Fig. 17, curve 1). The curve
‘describing the Kinetics of the reaction of the hydrazyl with phenyl-8-naph-
thylamine in vacuo (10~ mm. Hg) coincides with the kinetic curve, given
in Tigure 17 (curve 3); it follows from this that the nature of the process
y does not depend upon the presence of oxygen.
The results of the study of the kinetics of interaction of the hydrazyl with
amines differing in the conjugation effect in the radical, are given in Figare
18. The molar ratio of the hydrazyl and amine is 1:1. The initial portions
of the kinetic curves are satisfactorily described by the equation for reac-
tions of the second order. The calculated constants of the reaction rate
are for diphenylamine, phenyl-g-naphthylamine, and di-g-naphthylamine- STAT
0.31, £51.39, and +3.42/mole scc., T rely.
On the bwsxs of these data the relative reactivities of the compounds
investigated, as given by the rate of the reactions connected with loss of
Lamine hydrogen, may be estimated to be approximutely 1:4.5:11.
Investigation of the inhibiting effect of amines on rubber oxidation
yielded the results shown in Tligure 19. (The concentration of the inhibitors
was 40 millimoles/1.). Examination of the curves leads to the conclusion
“that an increase in the effect of conjugation in the radical does contribute
to the growth of the inhibiting power of amine. ratio of the rubber
cidation rates in the presence of three amines is 1:0.19:0.10. If their
inhibiting action is estimated to accord to the reciprocal of the oxidation
rate, it will be represented by the relative values, 1:5.2:9.7. The latter
ratio is obviously very close to that of the s that du o the reactivi:
of amines. This attests to the fact thai there is a divect relaiionship be-
tween the reactivity and the inhibiting power of thw coupounds investi-
gated.
The N—H bond energy must also change if various =ubstitutes are intro-
duced in the p-position to the benzene nucleus. The eftcot of this structural
factor on the mobility of the amine hydroger: and on the inhibiting power
of the amine was in 1 in the following ds: phenyl-g-
naphthylamines, p-tolyl-3-naphthylamine, ~p-chjorophenyl-g-naphthyl-
amine, p-methoxy-g-naphthylamine, p-oxyphenyl-3-naphthylamine, and
0,0,p-trinitrophenyl-g-naphthylamine.
Evaluation of the mobility of the hydrogen atoms of the amino group ,
on the basis of the reaction with hydrazyl was made for only a part of the <
amines. The molar ratio of hydrazyl and amine was 1:10. The results

of the study of the kinetics of this reaction (Fig. 20 show that the initial E
portion of the curve may be described by a first-order reaction equation.
The rate constants for phenyl-g , p-tolyl-g-naphthylamine,

amine<:0.4 X 103, <21.03 X 10~ and

and p-methoxyphenyl-g-naphthyl
773

e y
The reaction with p-oxyphenyl-g-naphthylamine under these conditions
took place instantaneously.
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Thus, the substituents can be arranged in the following order, according
to their influence on the increase in the reactivivy of ihe molecule in reac-
tions connected with rupture of the N—H bor

OH > OCH; > CHa > #

The kinetics of rubber oxidation in the presence of the amines listed
above are deseribed in Figure 21. The conicut of the inhibitor was 10
millimoles/l. The oxidation rate, as well as the length of the induction
period differs greatly in the presence of various amines. The main con-
clusion one can draw from the results obtained is that the inhibiting act
of the amines depends on the nature of the p-substituents in the benzene
nucleus, the positive influence following the order:

OH > OCH; > CH; > H > C} > NO:

The position of the substitutes in this series coincides with their positions
if arranged according to their effect on the reactivity of amines and also
according to the electron donor properties of the radicals with respect to
the benzene nucleus. It follows, then, that an increase in the electron
density at the carbon atom joined to the nitrogen atom leads to the weak-
ening of the N—H bond and, thus, to an increase in the inhibiting power of
the amine.

The rubber oxidation inhibiting propertics of a number of amines w:
also studied with respect to the structural changes occurring in the rubber.

Curves depicting the kinetics of change in the number of crosslinks
present in a unit volume of a heat vulcani undergoing oxidation in the
presence of various inhibitors are shown in Figure 22. The data obtained
show that the inhibitors, if arranged according to their influence on the
change in rubber structure, increase in the same order as was established"
in studying the kinetics of polymer oxidation.

Among the phenyl-g-naphthylamine derivutives investigated, the most
ffective as an inhibitor is p-oxyphenyl-g-naphthylamine, which should find
wide commercial application in the near future.

ed

ON THE MECHANISM OF INHIBITED OXIDATION
The following scheme of the oxidation of rubber in the presence of*

inhibitors of sccondary amine type may be propesced on the basis of the
experimental data presented above and also on applying the theory of the
mechanism of oxidation of low molecular weight lydrocarbons developed
by N. N. Semenov:2!

(1) RH + O ——== R* + HO;

(2) R + O, —— ROO

(3) ROO: + HN(A,): — ROOH + (AN

(4) ROO* —— R,CHO + R.0"

(5) RO + HN(A,): —— R.0H + (A:):N

o:
(6) R:OH ———> aldehyde

(7) RICHO — = acid

(8) HN(A): + 0s ——— HO; + (A)N"

(9) (AN 4+ 02 —— (4,):N(02)

(10) (ADN(O2) + RH ——— R* + (A):N(O)H

(11) 2(AN " = (A)N—N(A.):

(12) (AN + ROO* ——— ROON(A):

(13) (AD:N" + Re0" ——— RON(AD:

(14) (AD:N(02) + R* —— (A):N(O2)R
where R is a hydrocarbon radical, HN(A,): is an inhibitor molecule,.
(AN is an inhibitor radical, and (A):N(Cz)" is an oxygen-containing
inhibitor radical.

In a number of papers by N. N. Semenov et al. it is shown that chain
initiation in oxidati s may occur as a result of the interaction of
saturated lecul nied by formation of the low activity radical
HO: and a primary hydrocarbon radica

The peroxide radical, formed by attachment of oxygen to the polymer
radical, may undergo two types of conversions [reactions (3) and (4)].
The presen number of aldehyde groups, a low hydroperoxide
content, and, also, the destruction of molecular chains are evidence that
the peroxide radi cts primarily according to reaction (4) and not
according to re: Although, for low molecular weight hydrocar-
bons, reaction (4) takes place at high temperatures, it should procced for
polymers even at moderate temperatures, since monomolecular decomposi-
tion in a polymer medium is made easier by a greater period of life of the
radicals.

As was found on investigation of propylene oxidation,' degencrated
chain branching may oceur as a result of decomposition of aldchydes:

accumulated in the system.

It may be assumed that such a phenomenon s
after the inhibitor is exhausted.

The inhibition of the process takes place as a result of reaction (5) or
(3) and the succeeding chain tormination reactions (11-14). The rate of
reaction (5) depends on the N—II bond energy, which, as was shown above,
is determined by the structure of the radical (8:N". Reaction (5) will
naturally proceed the faster, the less is the energy value of that bond.
THowever, th on competes with the reaction (8), leading to accumu~
lation of (A:)sN" and (A):N(C:) " radicals (the nature of the latter ra ical
is unknown), and to an inerease in the rate of chain transfer reaction, (10),
i.c., to a decrease in the inhibiting action of the addit Obviously, the
dependence of the inhibitory action of amines on the N—H bond energy
will be described by the same curve t was obtained for the concentration
dependence of the effectiveness of an inhibitor.

The chain termination reactions a mong themselves. The
relative reaction for the recombi: Ar).N " radicals will, to a
great extent, inerease with an increase in the inhibitor concentration and a
decrease in the N—I bond energy. If we assume that product (Ap):N—
N(Ay)s is capable of breaking up into radicals in the same manner as tetra-
phenyl hydrazine, then reaction (11) should be considered to be reversible.

The products of the recombination of inhibitor radicals, together with
the oxidation products of the inhibitor itsclf, are very compounds which
were discovered to be present in the extract of oxidized rubber, along with
the unchanged molccules of phenyl-g-naphthylamine.

The rest of the termination reactions are related to the attachment of
a part of the inhibitor molecule (in particular, nitrogen) to the oxidized
polymer molecular chains.

TIn conclusion, it is necessary to note that the scheme des:
nearly exhaust all possible reactions proceeding during

so takes place in rubbers

bed does not
idation. We

believe only that it depicts the principal course of the process.
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Synopsis

Free oxidation of rubbers represents o chain process which, at moderate temperatures,
consists of two stages. The first stage, constant oxidation rate, is characterized pre-
by the of an chain reaction leading to the accumu-
lation of an intermediate compound of low stability. The second stage, autocatalytic
oxidation, represents a degenerated branched process, resulting from the decompositio
of intermediate products. Inhibitors of the secondary aromatic amine type lower the
oxidation rate in the first stame and-eharply increase its duration. The inhibited provess -
activation energy is 21.3 Gal/mole. In the inhibited oxidation, the major part of the
combined oxygen is contained in the aldehyde group In contrast to free oxidation,
in which, crosslinking of the chains is the dominant process, in inhibited oxidation, the
process of destruction of polymer molecules is predominant at first. The inhibited rub-
ber oxidation rate depends on the concentration of the inhibitor. This dependence is
During the process of the oxidation of rubber,
rmer, and the rest is sub-

tions above a given |
tion of mtermediate radical products of inbibitor o

umine type do not interact with stable rubber peroxides and. ;
with hydrocarbon radicals. It was shown, that the N—H bond in the amine molccule
ix above all responsible for the inhibition effect. 1t was found that the inhibiting power
of amines is a direct function of the mobility of the amine hydrogen. The increase in
mobility of this atom is attained by: (Z) an increase of the conjugation effect in the
inhibitor radical, which results [rom an increase in the number of aromatic nuclei in the
amine molccule; and (2) introduction of electron donor substituents in the position
para to the secondary amine in the benzene nucleus. The experimental data obtained
and also the conterporary theory of the mechanism of ovidation of low molecular
\weight hydrocarbons made it possible to suggest a chemical schemze of the rubber oxida-
tion mechanism in the presence of inhibitors of the sccondary aromatic amine type.
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Discussion

3. Boniska (Bratislava): Why does the oxygen not react with all the radicals, even with
the formation of hydroperoxides?

(Moscow): I, in the inhibited oxidation, the peroxide radicals react
\with_the-moleeulés of the inhibitor, an accumulation of the hydroperoxide must occw
since the stabilization of the hydroperoxide tzkes place at the expense of the inhibitor.
Houwever, we did not obtain peroxices in the inhibited oxidation. The temperature during,
$he reaction was so low that the peroxides could not possibly decompose. The absence

table peroxides indicates that the stabilization of the peroxide radicals ic not a
fundamental trend of the reaction with the inhibitor. The main trend of this reaction is.
evidently stabilization of the oxygen radical since we found a Jarge amount of oxygen in
the form of aldehydes.

M. Magat (Paris): Estree qu’il est possible que la réaction ROO -+ + HInh — ROOH

& Tnh ne se produise pas avec les inhibiteurs utilisés simplement parce qu'elle serait
endothermique?
P (Bratisiara): In the given reaction scheme the decomposition of the-hydro-
red. In a reaotion mechanism bused on the study of the rate
of ion of the and hyd , we assume the disin-
tegration of the hydroperoxides if the process follows kinctic equations valid for degen-
erate branched chain reactions.

Docs this difference not depend on the different methods by which the oxidation is
followed (follosing of the total amount of the oxygen consumed) assuming that the
primary oxidation prod: Iy 1 the_nature_of tho
chain mechanism a Th & subsequent reaction to carboxyls!

A. S. Kuzminski s not possible to compair owr results about the inhibition of
rubber oxidation divectly with those of Tkdé and Kello relating to autocatalytic oxidation.

As I stated in my paper, these processes differ not only by their rate but also by their
mechanism. The free autocatalytic oxidation of rubber proceeds according to the
branched chain mechanism. The inhibited process does not seem to be Lmnrhrd Tts
rate remains constant until the inhibitor is entirely exhausted. It is intere; that
even in more complicated systems such as multi-component resing the rate of the
inhibited oxidation is also constant.

Tn the oxidation of rubbers two tendencics in the inhibitor action are observed: inter-
ruption and onitiation of the reaction chains. Competition of these two tendencies
influences the position of the minimun rate of oxidation at some optimum concentration
of the inhibitor. It is obvious that this oxidation rate can be approximately determined
as 1 rate of initiation. The ratio of the oxidation rate at another arbitrary conceniration
of the inhibitor to the minimum rate represents the length of the reaction chain.

ractical doses of the inhibitors in rubber correspond to their optimum concentrations
in the sense T have stated. The first stable products of the inhibited oxidation of rubber
are aldehydes which in amounts. are formed
but in negligible amounts. Their decomposition is not great as was proved by a special
series of experiments.
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Fig. 2. Kinetics of oxidation of various samples of rubber at 130°C:.
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Fig. 3. Kinetics. of oxidation of rubber: (1) pure rubber (70°C.); (2) rubber with
1% phenyl-g-naphthylamine (70°C.); (3) pure rubber (150°C.); (4) rubber with 0.5%
phenyl-g-naphthylamine (150°C.).
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. 4. Kinetics of oxidation of rubber containing 1% phenyl-8-naphthylamine,
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Fig. 5. Kinctics of oxidation of rubber at 130°C.: (1) phenyl-8-naphthylamine
i in the ic stage; (2) phenyl ine present from the
*very beginning of the oxidation process.
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Fig. 6. Kinctics of accumulations of oxygen-containing groups in oxidation of rubber
0% of phenyl ine at 120°C.: (1) aldehyde groups; (2)
carboxyl groups; (3)' peroxid @) oxygen i
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Fig. 7. Reaction of rubber peroxides with phenyl-g-naphthylamine: (@) peroxide
concentration in the absence of phenyl (O) peroxide i
in the presence of phenyl-g-naphthylamine.
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Tig. 8. Infrared spectrum of rubbor absorption: (1) before oxidation; (2) after oxidation,
(9 days, 120°C.).

H

S
B

®
2

5

HADYLHS CHANGE, %
n
3

s

6 20 24 28

TIME, HOURS.

Tig. 9. Kinetics of structural change in the oxidation of heat vuleanizate (130°C.):
(1) in the absence of inhibitor; (2) in the presence of 1.0% phenyl-g-naphthylamine.
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TFig. 10. Kinetics of the change in the structure of rubber in oxidation (120°C.).
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Fig. 11. Kinetics of change of nitrogen concentration during oxidation of rubber in
the prescrice of various amounts of an inhibitor (120°C.): (1) combined nitrogen;
(2) free nitrogen; (3) total nitrogen.
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-of various amounts of phenyl-g-naphthylamine (130°C.):
data obtained by Duria's method.
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Fig. 17. Kinetics of the reaction of hydrazyl with amines (20°C.): (1) pure hydrazyl;
(2) hydrazyl with N-methyl-phenyl-g-naphthylamine; (3) hydrazyl with 18-
naphthylamine.
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Fig. 21. Kinetics of oxidation of rubber in the presence of phenyl-g-naphthy]
orivatives 150°C.: " (1) picryl-g-naphthylamine, (2) p-chl ¥ B
@) phenyl-g-naphthylamine, (4) p-tolyl o)

naphthylamine, and (6) p-oxyphenyl-g-naphthylamine.
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Tig. 22. Structural changes in heat vulcanizates during oxidation in the presence of
inhibitors 130°C.: (1) diphenylamine, (2) phenyl i -tolyl ph
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fixed by their polar group. Tigure 7 shows the change in the relative vi=” = /47
cosity of the solutions of polymethylacrylate in toluol in the process of . .
adsorption by aluminum oside. In this case the substance adsorbed may Q

a )

be completely washed out fraction by fraction with a good solvent as, for
instance, chloroform, which is particularly important for fractioning the X
substanees by tmenne of adoomatom s & Fig. 1. Relation of the time of full fon of yrene to the g

Y mea adsorption. viscosity squared. The solvent is benzol. (1) Polystyrene fractions. (2) Polystys
rene. The initial solution concentration C.= 0.1%.

&
[2)*107

Conclusions

The process of adsorption of some high molecular substances by carbon
black and hydrophobic aluminum oxide from dilute solutions was investi-
gated. It has been proved that there exists a direct proportional relation-
ship between the square of the characteristic viscosity and the time re-
quired for complete adsorption of the substance from the solution. The
influence of the solvents as well as the size of the alcohol radical of poly-
ethers of the acrylic and methacrylic acids on the adsorption process were
also studied. It is proved that the hydrophobic aluminum oxide may be
employed as an adsorbent of high polymers from solutions.
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Synopsis

Adsorption experiments were made to determine the time required for a complete
adsorption of certain highly molccular substances from solutions. Aluminum oxide was
preliminarily subjected to hydrophobization by caproic acid. Samples of polyst
polyisoprenc, and polyethers of acrylic and methacrylic acids, ranging
heptyl inclusive, were taken as objects of the experiments. In all cases the time re-
quired for a complete extraction of the substances from solution was shown to be directly
proportional to square of the characteris “Bad” solvents take a shorter
time to effect a complete adsorption. The f of x5 of
acrylic and methacryli has shown that the incr lcohol radi
the velocity of the adsorption pre t w: While the increase
in the alcohol radical of the polyacrylic ethers reduces the time required for a practically
complete adsorption of the substance, in the cuse of polyethers of methacrylic acid the
reverse relation was observed. Hydiophobic aluminum oxide is shown to adsorb poly-
methyl acrylate from solution reversibly.

m

3
o 40 80
tmin.
The change in the relative viscosity of polymethylacrylate solution in the,
adsorption process in various solvents. (1) Toluol. (2) Butyl acetate. (3) Methyl
efthyl ketone. (4) Acetone. (5) Benzol. (6) Chloroform. C = 0.25%.

|

40 80" 120 -

L min.
Fig. 4. The change in the relative viscosity of polymethyl methacrylate solutions in
e process of adsorption in various solvents. (1) Butyl acetate. (2) Acetone. (S)
| Methyl ethyl ketone. (4) Toluol. () Benzol. (6)Chloroform. C = 0.25%.
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Fig. 5. The relation of the time,of full adsorption to the square of the charactetistic
viscosity for polyethers of acrylic acid. (1) Methylic. (2) Ethylic. (3) Propylic.
(4) Butylic. () Amylic. (6) Hexylic. (7) Heptylic.
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Fig. 6. The relation”of the time of full adsorption to square of the characteristic
viscosity for polyethers of methacrylic acid. (1) Methylic. (2) Ethylic. - (3) Propylic.
(4) Butylic. (5) Anylic:+ (6) Hexylic. (?) Heptylic.

18

-n

10

-] 1 2,
tlhours) 1. v .
Fig. 7. The change in the relative viscosity of the solutions of polymethylacrylate of
different molegular weight, in the process of adsorption by aluminum oxide,
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Cold-Drawing of Glass-Like and Crystalline Polymers

ences of the

7.8, LAZURKIN,* Institute of Alomic Energy, Academy of
U.s. R

1t., Moscow, U.S.S

“The phenomenon of cold-drawing of polymors, widely used in the tech-
nology of synthetic fibres, is of broad interest, which surpusses the field of
form the biwis for the present paper,

G P (UKo,
the ibove-mentioned application.  Tts «
polymers is the study of pl
cold-drawing is an important brax
of polymer substances, which must be unders to elucidate the
problems of brittle and non-britt vior of solid polymer materi
$he influence of oricntation on the mechanical properties of polymer glas

udy is of the
behavior for me

ame importance for
Ws. - The thes

o,

Tor o long time, only the cold-drawing of erystalline polymers! =2 was
studicd,  Then some papers were published on cold-drawing of glass-like
polymers, where the phenomenon has boen called “forced clasticity”e>
(sec lso review'). In recent years, attempts have been made to put forth
a thed uld explain the ph s both groups of com-
pounds. On &b tion was dir 1 mainly to the role of heat-
ingg during the stretehing process® 115 on the other hand, on the marked
dependence of the velocity of molecular rearrangement on the stress,on!>
o of the phenomenon itsell. The present paper deals w
in the theory of cold-dr 1t is superfluous to deseribe the
phenomenon itsell. T must only be kept in mind that capability of
ching exist both with i
of temperatures, which is on one side determined by the temperal
), and on the other side by the
wing—in con-
nishes upon
ore (bar sition of mate-
wition Lo liquid state on melti s, of
course, in conneetion with: the properti
polymer.
“The theory should fir
(1) What is the natur

1omenon

of the molecular network of the

to the following questions:

entally found bend on the con-
sinnt spoed ruin eurve and of the start of the residual deformation.
Trurther, what det . the value of the eritical stress op at which the
gold-drnwing begins (Iig. 1)

(2) Why is th Jowering of oz with incrensing temperature and an
inerense of op will 1 stretehing speed (I
5) What arc tal relations for cold-dra
line and ginss-like polymers?  How do the differences
Dboth types of materinks influence the course of the proc

) What specifie properti
a Twmogonois (“neckless”) or inhomogenous: (with “ne ot
(hothi are found with erystalline and glass-like polymers)?  Why does
lowering of stretehing rate, i and decrease in sample
cross seetion usually lead to o change from inhormogenous to homogenous
Arawing?

(6) What are the conditions for the relative stabilization of the
(u sharp retardation of its deformation) during inhomogencous stretehing,
and what determines the value of the “drawing cocellicient?””

Lt is clene that in o short communication it is impossible to give an
answer not only to all these questions but even bo those which at present
et he expliined more or less procisely.  (The practically important prob-
Jem of the relation of the properties of the stretehed sample to the condi-
tions of stretehing is left untouched he But formulation of these ques-
fions should be helpful in analyzing the present situation in the theoretical
field.

Fundamentally, the most important questions are the first three ones.
(The more so, as they are pertinent not only to the ease of linear deforma-
tion, but. to any deformation which includes the shear deformation, Z.e., in
which the form of the sample is changed.)

Lirst it is ng awry o clarily the problem of the isothermal.and non-
isothermal cold-drnwing if one is to analyze the different points of views
one meets.

Tn a number of papers™! atbention was mainly dirceted to the non-
isothermal process. It was shown that local heating during stretehing can
rench several tens of degrees.

Some specific’ properties of the process were explained (g
of homogenous stretehing, lowering of the drawing coeflicient on inerea
tho tempernture and on Jowering the stretehing speed, ete.) by taking into
aecount this heating-up, which oceurs during the stretehing process.

| extrome ease is the theory of stepwise softening which attempts to
slain the very cause of cold=drawing by this heating-up of the sample.
According: Lo this theory, in the aren of drawing (“‘shoulders” at the
tneck”) the temperature is higher than the softening temperature (of the
glass-like polymer), or the melting point (of the erystalline polymer), and
the material is nctually deformed in o highly elastic state.

The following can be said about the theor of heating und stepwisc
softening:  Both of them treat the non-isothermal stretehing which i
usaally performed in practice, and the determination of the temperature
rmise 10 the stretehing zoue is thus of substantial importance. ~ However,
tho extent of tempernture raise can b lowered by veducing the stretehing
speed and by improving the heat transfer to the s gs.  Thus the
softening offect can easily be exeluded, and if the deawing rate is sufficiently
lowered, isothermal conditions be attained.

According to approximative caleulati
heating enn be neglected is of the order of 107 em./sce.
mu. indiameter in the v, Direet exper ith rubbers iv
gave for a stretehing speed of 107 em. the maximal heating-uj
the order of several tenths of degree. Cold=stretehing oceurs in the
well as in other polyme before and all its characteristies ave preserved.
Moreover, in this ease a lower stres required for the beginuing of the
process than at high elongation speeds. Thus it appears to us that it is
most iportant for the theory to explain in the first place the luws which
govern the isothermal cold- ‘hing, even if we are aware of the importance
of the non-isothermal course of cold stretehing and of the influence of heat
ellcets in practical di Fven in isothermal litions, there
is no heating-up at tho start of cold drawing, and thus the non-isothermal

s of the polymer cause the stretehing to have

ne

ments

7

th some-
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course of the process does not answer the above-formulated three funda-.
mental questions, and only partially helps answer the last two. (Insta-
bility of homogenous stretching for a number of polymers and neck-forma-
fion is also observed under isothermal conditions.) A purely thermo-,
dynamic ion of the appears insufficient both because
it can be applied only to crystalline polymers (and analogous processes are
also observed in glass-like polymers) and because the kinetics of the process
is not taken into account. The latter playsa highly important role in cold-

drawing.

In the case of vitreous p the tr of cold hi is
based on the i of the d of ion time on stress
and of a marked leration of r jon p under high,
stress.%1%1418 A q itati ion of these i depends.

o the choice of an actual polymer model. But even the simplest case with
only one relaxation time (highly elastic deformation) and activation enersy
E dent of- e and linearly ing with i ing shear
Novom enshles us to explain. the fundamental laws of cold-drawing: = the
beginning of the process when sufficiently high stresces are attained, the
dopendence of ap on e, and fon rate. The bend of the
ined i a

1d-d

elongation curve and the start of are n
ith the rolaxation theory as follows. It is assumed that the rate of
lation of residual jon (i.e., the rate at which the elastic
deformation changes in residual deformation) grows exponentially with
the stress and at some moment equals the deformation rate which is given
by the operation of the apparatus. The increase in stress stops and further
gtretching becomes localized in one place as the hompggneous linear
elongation is unstable, and a neck is formed (sometimes several necks). Ifr
the influence of molecular ori jon on the jcal properties of the.
polymer is accounted for, even the neck stabilization and some other.
Teatures of the phenomenon can be explained. Thus, polymers can be.
divided into two groups: (a) Those whose strength maredly increases upon
oriontation (an increase in strength in this case in equal to an increaso of
p with an increase of the residual i which are cold hed
‘without necks being formed and (b) those whose increase in strength is.
relatively small and which form necks on cold-stretching.

Further, if heating-up in the course of ing is considered, this treat-
ment can be made to include the non-isothermal case. Returning to the
case of crystalline polymers, it should be kept in mind that there is ‘e;SﬂTAT
difference between the glass-like and crystalline polymiers if the charactcl
of the stretching process, the nature of elongation curves, etc. are con-.
sidered, than there are differences within these two groups. This is seen,
for inatance if Figures 5 and 6 are compared, as well as both curves of Figure
7. Since the kinetic characteristios of the cold-drawing process for vitreous.
polymer are known, it was important to compare With them those of the.

Ti T d of op on the ion velocity can
1 proof of the 1 kinetic of the

Tys P e
be idered as the fi
phenomenon.

Tigure 4 shows the data which were obtained by us. These are repre=.
sentod with sufficiont precision by the relation (a similar relation follows.
also from the ion theory of the )

. op= A+ Blogo

which is therefore valid for both crystalline and vitreous polymers alike
(e.g., for one single p polydi i in both phases). The
difforonce between both is quantitative only—the values of constant are
Jower for crystalline polymers. In all cases the stress o5 at the beginning
of cold: hing is not :itis d n the ion speed.
These facts give evidence that the laws of cold-stretching for both crystal-
line and vitreous polymers are similar. ' This can be explained in the fol-|
Jowing way: The state of equilibrium for both crystalline and - vitreous,
polymers is the state of orit i or of jon if ing stresses
are acting upon the polymer body. This thermodynamic aspect shows the
reotion of the process. However, in a solid polymer this state of equilib-
xium cannot be reached if the stresses are small. If the stresses are suffiq
ciently high, the process of transition into an oriented state is markedly

d due to.the si action of thermal movement and
mechanical stresses. In the glass-like polymer the net formed by inter-
molecular forces of attraction is yed an d in a new, oriented

orm. \
Recrystallization takes place in the crystalline polymer in this case
Thus the kinetic t maintains the jon of a special recrystal
Lisation of polymers during cold-drawing, which has been confirmed by
exporimonts, and permits us to remove the assumption of a melting poin{
dopression to the experimental temperature. Cold-drawing can proceet
ith fnal speed even witbout this condition and the stresses nceded ar¢
lower, the lower the speed of elongation. It seems possible that in thij
Way the views on crystalline and smorphous polymers oan be brough
together.

-
The development of the theory of cold-drawing is now in the stage whel

less has been done than still has to be done. We can hope that further
experimental studies of the Xinetics of the phenomenon in isothermal and

i T ditions with s study of the structural
changes, together with the t of the ional of
the crystalline and amorphous state of polymers, will Jead to a theory of
cold-drawing which will explain \with sufficient clarity not only the general
Characteristic of this phenomenon, but also its specific difference for glass-
like and crystalline states.
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Synopsis

Solid polymers—both glas
studies of tho spocific aspeets of this process in individual cases,
fural features, the development of a theory of cold-drawing requires an investigation
of the general laws of this process. According to the experimental conditions used, cold-
drawing may be carried but either isof f drawing and with good
ot diopersion) or non-isothermally. A number of specific features of the non-isothermal
process may be explained by a temperature inorease in the stressed region; this has in
Do dome in published work on this subject. However, the basic features of this
phenomenon persist, as b i lly, in the i 1 cold-drawi

as been shown ex
of both glass-like and crystalline polymers.
of wold-drawing, with large residual deformaf
deformation curves; (c) & di t at the and &
Hemogenous stretching over the further course of the cold-drawing (both possibilities
being reulized in cither type of polymer—glass-like or crystalline); (@) the effect of
temperature and the rate of drawing on the initial stress op. These ‘phenomena must
be intorpreted in a way which does not involve the assumption of a temperature Tise.
e values of 7 depends on the rate of drawing v, this dependence being expressed by
e Tiation on = A + B log v, valid for both glass-like and crystalline polymers.
Yo types differ only in the value of the constant B, which is lower for erystalline poly-
mers (polyethylene, polyamide, crystalline silicone yubber) than for glass-like polymers
(polyvinyl chloride, amorphous silicone rubber, polymethyl methacrylate, butadiene~
aenylonitrile copolymer, ete.).. Crystalline and glags-like polymers differ in their mecha~
o e of cold-drawing, ~Crystalline polymers, aa is well known, undergo recrystallization
P eformation; in either type, however, there is a rupture of intermolecular bonds by
e cfinct of drawing, due to the combined offects of ‘thermal motion and mechanical
Donve Tollows the kinetio, rolaxational character of cold-drawing, The de-
pendence of o on the temperature and rate of ‘drawing may be explained on the assump-
Mo that the activation encrgy of the molecular ‘rearrangement is decreased with increas-
iog stresses. Uniform isothermal stretohing ie, generally speaking, unstable. The fact
B St may be realized in practice, and also the stabilization of the block in non-uniform
drawing, makes it necessary to nssume that the mechanical relaxation properties ofithe
polymer change on orientation.

e e

e
These features include: (a) the possibility
gions; (b) the character of the stress—

in-
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Fig. 1. Schematic presentation of clongation curves. (1) Elongation with “neck.,
(2) “neckless” elongation.
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TFig. 3. The dependence of op (open symbols) and brittle strength (closed symbols)
for products from various rubbers. Upper part: (1) SKBM; (2) SKS-30; (3) SKN-40.
Lower part: (1) butyl rubber; (2) natural rubber; (3) chloroprene. N
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(7) Polyethylene; T = 19°C.
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Fig. 5. Blongation curves for erystalline capron. Samples were prepared from &
maeve isotropie block obtained on cooling the melt with un intermediate exposure at
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Synthesis of Some New Esters and Ethers of Cellulose.
and Examination of Their Properties

Z. A. ROGOVIN, The Moscow Textile Institute, Moscow, U.S.8.R.

In this lecture some basic data about the methods of synthesis of normal;
esters of cellulose and carbonic and monothiocarbonic acids are given,
Comparison of the stability of these esters and esters of cellulose and the

ithi ic acid ( of cellulose) toward the action of various
reagents is given. Further, it is shown that the nature of the acid radical
in csters of cellulose and carbonic acid and thiocarbonic acids has a co
able influence on the stability of these esters toward actions of various r
gents. The method of synthesis of a new type of cellulose ethers, phenyl
cthers of cellulose, was claborated. Samples of :phenyleellulose having a
degree of substitution, v, of 75-80 were prepared, and a preliminary inves-
igation of their properties was carried out.
mg.::ﬁ;zicgvﬁ ot types of acid and normal esters of cellulose and car-.
bonic acid and thiocarbonic acid (Table ), until now, only acid esters of
cellulose and dithiocarbonic acid (cellulose xanthogenate acid) were exar-
ined in detail. These are obtained as the sodium salt of this acid and have
a wide field of use as intermediates in the production of viscose fibers and
films.

TABLE T .
The Composition and Structure of Various Types of Esters of Cellulose and Carbonic,
and Thiocarbonic acids

Maximal value
obtained
up-to-date /

Structure of

Cellulose ester cellulose ester

Acid ester of cellulose and carbonic acid (Na c/_o-ca 5-10
=0 NO-Na,
Normal ester of cellulose and carbonic acid c/;()(—)Cc] 75-80
“OR
Acid ester of cellulose and monothiocarbonic c/=oécC1 100
acid (Na salt) 2
Normal ester of cellylose and monothiocar- /i)s.cEl 50
“bonic acid (Na salt) C—
N§-Na
Acid ester of cellulose and dithiocarbonic acid c/oécm 200-300,
(Na salt) s
Normal ester of cellulose and dithiocarbonic /O-Cel 50-70
aci N
Where R is alkyl radical SR

of the conditions of and properties of other
compounds of this type, the majority of which has not yet been prepared
synthotically, is of considerable scientific interest in studics of the influence.
of the nature of the acid residue on the properties of the esters prepared.
Of practical interest is the study of fundamental possibilities which might
lead to new methods of preparation of. hydrate cellulose and cellulose ester
ibers and films. o celivose e
B o showed: that normal cellulose esters of dithioess bonic acid
i o acti jons of dimethylsulfate, diazoms ,
ned by the action of solutions o on e
O lotonceti acid, and other reagents on cellulose senthogente are
omsidoraly more stable to tho action of hydrolysing and saponifying rea
gonts and also to the action of higher temperatures thun relatively casily
Fdrolynable acid cellulose esters of the same acid. The sabilty of lkyl
; L Ih
eyl esters of cellulose xanthogenate acid, especially of c -
:;K}}:zlygjnme ‘o tho action of acids and alkalis approaches the stability of
(acetyl cellulose. But the presence of the group S==C—SNa.in this este
comtidorably decreases its stability toward photocherical acti R
s, the possibility of practical use. o
D of pepmation of acid esters of cellulose and monotaiocar-
Bonic acid by the actior of carbon aulfoxids (COS) on alkali cdllulose were
ir ¢ and Grotjan,? bilipp.s The acid cellulose
o b?rgis ;:i‘:l (:Jmnm"’ e is much less sable, as seen
o © 20 PP »
from our experiments, toward the action of suponifying reagonts —ater
iluted sol 5 alkali—than cellulose xanthogenate. In Fig
and diluted of alka santhogenate. In ¥iguro |
iven dato e relative rate of saponification in Tip
Yine e o xan and collulose desthioxanthogenate.
P Attempts to prepare normal cellulose esters of monoshiocarbonic cid by
mothods used in synthesis of normal celluloso osters of dithiocarbonie acie
gavve no positive rosults, The action of dimethylsulfate, diethylehloroacet-
ide, monochloroacetic acid, and other reagents on desthioxanthoge
t ificati mposition of the latter. .
o o ot 1 ion of cellulose methyldesthio-
nthagenate by means of a reaction which we suggested for the ynihesis
‘(\)‘fl cellu%ose methylcarbonates—by the action of mechy_l mm\oc}]:\)lcrfo o 1“;mg
bonate on the alcoholate of alkali cellulose according to the follo

scheme:
a
7
Cel-ONa + Lo ——— Ca1-0d + NaCl
SCHs SCH..

X o or_a0). which
Up to now, we have obtained low-substituted esters (v = 25-30), whid
bject to further investigation. ) ) o
Tyt swem from the investigation, a stable dell;w::;e of cctl}zzlo‘s)rfs S;:m::&\;:n
is its dis ‘hich is obtained by the reacti ;
hogenate is its disulfide, which is ol : o v
ziodgesthioxunthogenate wwith iodine according to the following scheme

0 Cel /0 Cel O Cel
260 +L——dg-0  C=0 4z
SNa =

are the stability of the desthioxan-
disulfide of cellulose showed, that
\bly more stable to the actions

The experiments performed to comp
thogenate disulfide and xzmhhog_ennte oS
outfids of desthioxanthogenate is considerably mor he actions
e ot asids, lkatis, bofling water, and o ereused emperatunes than
ate di and also than cellulose acetate.
canthogenate disulfide of CEIILIIIOSB ant . cellul a
eporimental data, showing this fact, are given in Figures Pands.
b the deeroase in the mumbor of atoms of sulfur in the 1cid residuc,
which 1 introduced in the process of esterification into the moleculo of tho
o lulose ester, increases the stability of this ester toward the ac

and heating.

T 7’ N
42
~

|
|
i
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This rule displays more clearly in the comparison of properties of normal
cellulose or methylcarbonates and methy! dithiocarbonates,  Cellaloe
methylcarbonates having(y = 80-100 were preps ; jon o

gy re_prepared by the reaction of
the methyl ester of , ﬂmmﬁde with the alcoholate of celluloss osm
cording to the scheme: g

/Cl o

_ 7

Cel-ONa + =0 — car.0 + NaCl
OCH, CH:

Cellulose alcoholate, which is very
the worked-out method® by an interc!
amyl alcoholate at 70°
tion:

reactive, was prepared according to-
hange reaction of cellulose with iso-.
in xylene solution according to the following equa-

Cel-OH + CiHy,ONa —— Cel:ONa + C.H,OH

Instead of cellulose alcoholate, aik:
ing material.

Cellulose methylcarbonate, 25 well as cellulose methyldesthioxanthogen-
ate and methylxanthogenate having a relatively low degree of substitution
€y < 100), are insoluble in alkalis or other available solverits,

In Figures 5 and 6, data comparing the stability of methylearbonic and
methyldithiocarbonic esters of cellulose toward

As seen from these data, the meth:
ably more stable toward the a
The degree of esterification of
the action of 1 N H.SO, at 10/

is

ali cellulose may also be used as start-.

various reagents are given. .
1 carbonate of cellulose is consider-
ction of acids than xanthogenate of cellulose.
f the former remains almost unchanged by
0°C. for six hours, while methylxanthogenate

by this :

But, in contrast to cellilose mcLhyldithiocnrbonntc,m
bonate is very unstable toward the action of diluted alkali. The action of 1
N hydroxide at 25° for five minutes leads to an almost complete splitting
off of the ester groups, while the cffect of an alkaline solition of the same

tion on methyl of cellulose for one hour decreases
the degree of esterification only to 20%. Cellulose methylearbonate is
much more stable than cellulose methylxanthogenate toward the action of
boiling water: e.., on boiling cellulose methylcarbonate in water for 8 hours
its degree of esterification does not change, while that of cellulose xantho.
genate during this period of action falls to 25-30%. .
carbonate is heated in the air for 8 hours at 140°, the degres of esterification
does not change while, with cellulose methylxanthogenate, heating under.
the same conditions reduces the degree of esterification to 20-25%, Thore..
fore, a substitution of the residue of dithiocarbonic acid by a residue of en,
bonic acid in a normal cellulose ester strongly changes the stability of the re
sulting esters. N

Thus, further téchnological trea:
these esters change correspondingly.

We did not succeed in preparing synthetically an acid cellulose ester of
carbonic acid with relatively high v which would dissolve in & diluted a1.
kali as easily as the acid esters of cellulose with mono- and dithiocarbonic
acids.  We continue the study of this problem of grest practical interest.

_ Among new types of cellulose ethers, the cellulose phenyl cthers are very
interesting. The experiments to prepare these cthers made by varioue
scientists were not successful.

We worked out o method of synthesis of these ethers by means of an in-
terchange reaction of arylsulfonic acids with sodium phenolate. For the
Preparation of cellulose phenyl ether we use the reaction of the tosyl cellu-
lose ester with sodium phenol ling to the foll u
Cel-080.C;HOH + CeH,0Na ——— Cel- O

As the cellulose tosyl ether (v = 100) dissolves in phenol at increased
temperature, this reaction may be carried out in a homogenous medium,
which steps up the rate of alkylation and homogeneity of the prepared
cellulose phenyl ether.

Synthesis of the phenyl ether of cellulose is carried out by heating the re-
action mixtures for 4 hours at 100°. The phenyl cellulose with ¥ = 75-80
obtained is quite soluble in phenol at an increased temperature, and partly
soluble in pyridine, cyclohexanone, acetic acid, and quarternary ammonium
bases.

To determine the position of phenol groups in the elementary unit of the
macromolecule of cellulose, an alkylation of phenyl cellulose by triphenyl-
chloromethane was carried out. The mixture of phenyltritylether of cellu-
Tose of the following composition was obtained: _

{CsHz02(OH)2(OCsHs )o.7s[OC(CoHis lo.x}

If cellulose methy

tment and the field of application of

ing equation:
s + CH,C/H.SO.0Na

On the basis of these data it is possible to conclude that the phenyl group.
in the cellulose phenyl ether having v = 80, obtained according to our.
method, contains the phenyl group in position 6.
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Synopsis

A new method has been devised for the synth
acid by reaction of cellulose alcoholate an

a1

esis of triesters of cellulose and carbonic.
methyl chlorocarbonate:

]
Cell-ONa 4 C=0 ——— Cell-OC—0 + NaCl
|
OCH; OCH;

A triester of cellulose with monothiocarbonic scid has been prepared analogusly as
follows:

cl
Cell-ONa + bo—, Cell-0C—=0 + NaCl
CHa CH;

A disulfide Las been prepared by oxidation of the sodium salt of the thioester with
iodine:

2 Cell-0C=0 + I ———> Cell-OC=0 0=CO-Cell + 2 NaT
Na

A comparison was made of the stabilities toward various reagents of cellulose esters of
carbonic, thiocarbonic, and dithiocarbonic acid and also of the acid and neutral esters
of cellulose and monothiocarbonic acid. It was found that the stabilities of the esters
toward acids and bases as well as to light and heat vary considerably with the nature of
the acid grouping introduced. A method has been worked out for the synthesis of
phenyl esters of cellulose by the reaction of sodium phenoxide with p-toluenesulfonyl-
esters of cellulose:

Cell-0S0:CsH,CH; + CoH:ONa ——— Cell-OCeH; + CH;CeH.S0.0Na.

A pheny] ester of cellulose 70-80) has been prepared.and its propertics investigated,
It was shown that by this procedure the phenyl group is introduced into position 6,
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Fig. 1. The relative rate of of and i

of celluloso in alksline solutions: -) cellulose xanthogenate; (—) cellulose desthi-
‘oxanthogGiiate. > Absvissa: Time, min. Ordinate; Bster groups remaining, %
initial value.

Tig. 2. Stability of disulfide and disulfide towards
the sation of 2 N H.S0, at 20°C.: (——) xanthogenate disulfide of cellulose; (--) acotyl
cellulose; (-+-) desthioxanthogenate disulfide of ecllulose. Abseissa: Time, min.
Ordinate: Ister groups remaining, % of initial value.

Fig. 3. Stability of i disulfide and disulfide of cellu-
Jose towards tho action of 2 N NaOH: (——) desthioxanthogenate disulfide of cellulose;
(--) xanthogenate disulfide of cellulose; (---) cellulose acetate. i
Ordinate: Bster groups remaining, % of initial value.

Abscissa; Time, min.

0o
a0
29
20
6

S0
0
Tig. 4. The change of the degree of esterification, 7, of desthioxanthogenate disulfide
and santhogenate disulfide of csllulose at prolonged heating at 100°C.
onato disulfide of cellulose; (~—) desthioxanthogenate disulide of cellulose. Ab-
O Mime, min, Ordinate: Ester groups remaining, % of initial value.

o As 180 4o Jeem Am A o ]

Tig. 5. The stability of cellalose methyloarbonate and methyldithiocarbonate towards
the etton of 1 N H.SO, at 100°C.: (——) cellulose methyloarbonate; () cellulose
mothyldithiocarbonate. Abscissa: Time, min. Ordin

% of initial value.

Fig, 6. The stability of cellulose mothylearbonate and methyl dithiocarbonate towards
tho oion of 1N NaOT} 0 20°C.: (——) cellulose mothyl carbonate; (-) cellulose meth-
yldithiocarbonate. Abscissa: Time, min. - Ordinate: Tster. groups remaining, % of
initial value.

Ester groups remaining,
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The Effects of Shape in Streaming Birefringence of
Polymer Solutions

B V. FRISMAN and V. N. TSVETKOV, The Physical Institute of the
University of Leningrad, Leningrad, U.S.S-R.

1. INTRODUCTION -

Stream double refraction in polymer solutions s the resultof two effects:
the intrinsic anisotropy of macromolecules and its shape asymmetry (form
“ffeat).  The first, effect is due to the anisotropic orientation of segments in
o sloonlar clusters; the second appears because the distribution of scg-
e te in volume of macromolecule has no spherical symmetry about the
center of its mass.”

The following offects are caused by the form asymmetry: the parabolic
dependence of the dynamooptical constant [n] on the refractive index of
the solvent,?—* the dependence of value and sign of the relationship )/
\where [n] i¢ the intrinsic viscosity of the solvent, on the ‘molecular weight
A of polymer,s and, especially, the dependence of the sign of birefringence
on the velocity gradient.”

ALl these experimental facts can be explained” = with use of the model® -
according to which the macromolecule in the solvent is v ewed as an ellip-
soidal macroscopic particle of which the refractive index, m., differs from
the refractive index of the solvent, .

The difference between n,, and 7, is

[eY]
where 7y is the refractive index of the polymer in mass, o is the polymer
density, m is the mass of a macromolecule, and v is the volume of a macro-
molecule in selution.

The difference in the two principal polarizabilities of a macromolecule
in vacuum is sum of two terms, the t of which gives the intrinsic
anisotropy of the cluster,' whereas the second represents the anisotropy of

its form.*®
3\
= L) (w; + 2)

4+ 0.439 (L» — L)) O @)

Here ay — e is the differenc

o

distancs between the ends of the molecular chain, and J* is the mean st

of the same value in the absence of deforming forces. L2 — I a well-

Jnown function of the axial ratio p of the 17 cromolecule. .
Tn the range of small velocity gradients (9 = 0), the determination of

the mean values of v1 — vz for all'orientations of macromo! ceules without

considering their deformation Jeads to the equation for the dynamoo

constant [n] of the solution, which well agrees W ith the experimental results

and has been already discussed.”™*

2. THE THEORY OF FORM EFFECT IN THE REGI
SMALL GRADIENTS!

While studying the optical cffects of laminar flow in the region of non \\
small velocity gradients, one must take into consideration the dependence |
of the asymmetry factor of the macromolecule Lo — Ly on shearing stres:
which can be done in the following manne

If we take the volume of a molecular cluster under its deformation in the
stream as unchanged, the most rational relationship between the asym-
metry of the cluster in the stream p and in the absence of the stream po
may be the following:

OF NON-

p = [+ e’ — DN ®)
where A = h/ho and ho = 3/l '/ is the most probable value of & in the
absence of the stream.

1 e use the results of the statistical theory of molecular chains,™? we
st fake po = 2; therefore, equation (3) will then be transformed into
equation (3"

p= L+ 39

Kuhn’s theory'? gives the distribu ion of ideally fiexible macromolecules
(without intrinsic viscosity) in laminar flow:

G,

Here 8 is the angle formed by vector & with the direction of preferential
cqual to:

M

ELA

o Mg

\where no is the viscosity of the solvent, and /2 and T have their usual sense,
Using cquations (2) and (4) with the consideration of (3%, we obtain'!

the following oxpression for the difference of principal refraction iudexes

An, in o solution of concentration c:

N (An 3n, (i )ﬂ M
o\ ) i i+ 2/ Na
vhere 6, and ©, are factors characterizing the? intrinsie anisotropy of a
e melosule and its form anisotropy; these factors are defined by equa-
tion ().

Parameter () is equal to:

0,8V1 + 8 + 8, 0(8) ©)

, . -
= — = Ly — Ly) Ji{ —===) nax (T
@ = = sl Y (i) @

whore J is Bessel’s function of the first order

Tor any value of 8, the intagral in equation (7) may be calculated by the
\way of numeric integration considering that L. — L, is the function of X
expressed by equation (37). The function #(5) is represented in Figure 1.

Mho first term of the right side of equation (6) is & well-known result
derived by Kuhn, ' the second one represents the form effect in the dynamic
double refraction.

T the region of small values of 8(8 < 2), cquation (6) practically coin-
cides with the result obtained by (Gopict in his theory of the form effect
in double refraction. Yet, with increasing B, the difference between the two
theories becomes more significant; therefore in our theory, factor ¢(8)
soon comes near to its & rmptotical limit, whereas in Gopi¢’s theory it
practically continues to stay proportional to 8. /

| : |
%
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Under our experimental conditions, the solution is not infinitely dilute,.

and the refractive index of the solvent does not change. However, increas-

ing ¢ produces increases in ©,/0, in a given solvent as a consequence of;
i Thi brings forth th

the dg of macr . is
changes of da/dg which Copit’s theory predicts.”
The experimental facts discussed here show that the measured value of
the orientation angle is not always determined only by the hydrodynamic
. behavior of solute raacromolecules, but that it can also depend on a purely
———optical factor as the/form effect takes place in birefringence. In the case.
of ideally flexible molecules (the internal viscosity = 0), Copic’s theory
dpes nob predict similar phenomena. From this point of view, the de-
pendence o — f(g) presented in Figure 5 shows a considerable internal;
viscosity of the polystyren lecules under i igation (M =
3:3 X 109.
For a quantative comparison of experimental curves for the dependence .
An = f(g) (Fig. 4) with those for the theoretical:dependence (6), experi-
mental data must be extrapolated to infinitely small concentrations and;
expressed as a function of the parameter .
Tk results for three investigated fractions are represented in Figure 6.
ual ly, the of parabolic curves obtained conforms well‘to.
equation .(6). Quantitative analyses lead to less satisfactory results.

'As one can see from equation (6), the initial slope of the curve in Figure.
6 gives the sum of values of 8, + O, whereas the intercept with the 8 axig
(abscissa 8;) permits ination of the jonshi

o=~ VI T e oy
“The values of 6, 4 ©, obtained from the initial slopes are, in-fact, identi-.
cal to the values determined from equation (8) for the case g — 0, and, as.
was shown in section 3, these values are in good agreement with other ex-.
perimental data.

*@n the contrary, the relationship ©,/0, obtained from (10) turns out to,
be-too great, and the lower the.molecular weight of the fraction is; the.
greater is the discrepancy.

Fhe last circurnstance comes directly from the comparison of the curves
in Figure 6: the curve for the fraction with M = 3.3 X 10° crosses the
abscissa much further from the origin than the curve for the fraction with
M = 815 X 105, whereas according to equation (10)_the contrary must.
take place. We may as well say the same about Copit’s theory.
Tt seems that the discrepancy between theory and experiment in the.
region of great shearing stress, which increases with decreasing molecular
weight of the polymer, results in great part from the main failure of our-
theory, that it does not account for the influence of the internal viscosity.-
of macromolecules. At least, the experimental curves (Fig. 6) show that:
1 ially of the low lar weight fractions) in the.
flow are less deformable than can be predicted from the distribution func--
tion.*

5. CONCENTRATION DEPENDENCE OF FLOW BIREFRINGENCE:
AT LOW SHEAR RATES

As it can be immediately seen from the curves in Figure 4, the concentra-,
tion dependence of birefringence is very pronounced: with increasing con-
centration of the solution the An versus g curve changes its sign to a nega-
tive value at more and more values of g. ‘When limiting our considerations
to the region of low shear rates, we obtain for polystyrene in dioxane'* and
butanone the curves lim(An/g) = f(c) shown in Figure 7.

—0

Their shape is similar to that of the An versus g curves of Figure 4, thus
showing the fact that, with increasing concentration of the solution, the
relative influence of the shape effect falls abruptly.

Tt seems probable that this influence of the concentration on the flow
birefringence results mainly from two reasons.

The first of them is of a hydrodynamic nature and consists in the in-
crease (at given g) of the shear stress deforming the molecule in'the. flove
with rise in concentration and in the increase of the hydrodynamic inter-
actions of the dissolved macromolecules and a rise in solution viscosity.

The second reason is connected with changes in purely optical properties
of the solution when the concentration rises and results only in changes of
the form effect, leaving the intrinsic anisotropy effect unaffected. One
could call this the ‘“‘optical interaction’” of the dissoived macromolecules.

Indeed, with increasing concentration of dissolved macromolecules and
decreasing mean distance between them, the influence of the shape asym-
metry of each on its polarizability would decrease, because the mean re-
fractive index of the medium immediately surrounding the molecular coil
would be less different from the refractive index of the coil itself.

In other words, at finite concentrations of the solution, the optical
polarizability of a given sement will not depend only on the anisotropy of
the field created by other segments. One must alsé take into account the
i of the of other macr les that are approximately
uniformly distributed in the volume of the solvent and thus would evel
the segment field asymmetry of a given molecule.

The purely hydrodynamic interactions of macromolecules at finite con-
centrations can be taken into account experimentally by measuring the
concentration dependence of birefringence in a solvent with n, = n; where
the form effect is excluded. )

Tn several papers®® it was shown that, for flexible polymers in solutions
where the form effect is absent, the birefringence, (An/g),— rises with the
concentration ¢ proportionally to c/7; where o is the relative viscosity
of the solution. Thus one can obtain the value of the dynamooptical con-
stant [n] = lim(An/gnec) from a measurem at finite con ion,

= _
substituting the “effective” viscosity of the solution, 20V = Vs
where 7 is the solution viscosity for the solvent viscosity 7o.

L (A e
Il =i (gnnc) =l oo

1 constant at ion

[n]* could be called the effective

c.
Thus we have equation (12) for calculation of the intrinsic anisotropy

©, from data measured at finite concentration and in the absence of the
form effect (6, = 0), instead of (8): .
ml* 30, kT (3 )*

. (2=) =0 12
Wl 4r + 2, ¢ a2)
The reliability of the empirical formula (11), which is verified for a wide
range of i 1 data, is ed also in Figure 8, where are
shown the velues of ©, calculateéd by means of equation (12) form finite
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. A .
As[r] = lim (l) then equations (5) and (6) in the region of smalt

&70C,
=

values of g when § — 0 give

[n] 3nkT [ 3. )=

ot el SOt ®
If here O, and O, are inserted from equation (2), bearing in mind that
according to the statistical theory™ the volume, v of a macromolecule is, » =
0.36(5%)”, and the well-known Flory’s equation's is used, then one will
have )
] 45nkT _ _ AL
it + 22 T

T M2

(roNan)® \ % + 2).("' Tt

+ 594  (m+n, =.ﬂl_
(wpNan)* \n§ + 2 [

o — ax (&)
where & is Flory’s constant.

Equations (8) and (9) are fully analogical to the equation which may
be obtained for [n] from the theory of rigid ellipsoids’® with axial ratio
P =2

3. THE FORM IN THE REGION OF SMALL
CONCENTRATIONS AND VELOCITY GRADIENTS

The new experimental resulfs obtained in our laboratory while ihvesti-
gating Maxwell’s effect in polymer solutions permit a comparison with the
results of the above theory.

{ Equation (9) shows the parabolic dependence of [n] on n, which has been
{observed in many cases in this series of systems.¥
' Figure 2 graphically the result obtained for fraction of poly-

\p-terL-buby]phenylmethucrylace (p-t-BPhMA), molecular weight 6 X
110%) which has been investigated in a series of solvents. The use of a Jarge

‘number of solvents has permitted us to find out that the sign of [n] is
changed twice, with changes of the refractive index of the solvent. Equa-
tion (9) shows also that, for the given fraction of polymer (on condition
that the values of n, — n, are equal), the valug [n]/[7] will be larger in a
bad solvent, because the volume of macromolecule » is smaller in.this sol-
vent. This lusion is corr d experi: lly also.%$ Points 12
and 18 presented on Figure 2 may be evident illustration for this conclusions
thd first of these (tetrabromoethane) is too high, while the second (mono-

bromonaphthalene) is too low when compared with the other points.

One must take into account that tetrabromoethane is the worst ([7] =
0.36) solvent, while monobromonaphthalene will be the best ([z] =:1.0)
one for poly-p-tert-butylphenylmethacrylate.

Due to equation (9), the dependence of [n]/[n] on M/ [n] for fractions of
the same polymer in the same solvent must be represented by a straight
line, the slope of which will be greater the greater is the ratio (e — n.)/[n]-
The results of measurements carried out with fractions of polystyrene with
a wide sange of molecular weights (from 5 X 10% to 5 X 10°) in three dif-
ferent solvents: bromoform (nx — n, = 0), dioxane (n; — n, = 0.19), and
butanone (n, — n, = 0.22) are represented in Figure 3. For each solvent
the points fatl on a straight line. One must take into account that, in
dioxane and butanone, in the region of small molecular weights [n] is
negative, whereas in the region of large molecular weights, it is positive.

The intercept of each straight line with the ordinate permits the aniso~
tropy of segment to be determined.

As one may see from Figure 3, the segmental anisotropy is almost equal

in different solvents: in bromoform, ay — @ = —144 X 1072 cm.%; in
dioxane, ay — az = —148 X 10~ c¢m.%; in butanone, m — @ = —152 X
10—%* cm.3.

The slope of each straight line permits determination of the Flory con~
stant, ®, the latter, being in full agreement for the two solvents, is, in
—dioxane$ = 2.35 X 10%; in butanone, & = 2.40.X 10
\. The study of the form effect in dynamic double refraction of a polymer
solution may serve as an independent method for determining the dimen~
sions of its macromolecules, this method being equivalent to another optical
|/one, the method of light scattering asymmetry. .

4. DOUBLE REFRACTION IN THE REGION OF LARGE VELOCITY.
GRADIENTS )

Form anisotropy increases with stretching (\ = h/ho) of the moleculax
cluster not so sharply as the intrinsic anisotropy. This fact brings forth a.
very i i ion in ing birefri of polymer solu~
tions in which the signs of form ani py and intrinsic anisotropy are
opposite, namely, the change in the sign of stream double refraction of the
solution with increasing velocity gradient.

This effect, discovered by E. V. Frisman® in'solutions of high molecular-
weight polystyrene in dioxane, was observed and studied by her further
and also in lower molecular-weight fractions of polystyrene in dioxane.
The results obtained for the fraction M = 3.3 X 10° are given in Figure
4, where the dependence An = f(g) for of different tion:
isrepresented. In the region of not too high concentrations, birefringence
is positive under small velocity gradi ith i ing ¢, birefring
reaches the maximum value, then decreases, and changes its sign in the
region of velocity gradients where the positive form effect is compensated
by the negative effect of intrinsic anisotropy. Measurements of the orien-
tation angle, a, of the optical axis of those same solutions, carried out by
E. V. Frisman, have led to di -y of an 1 d « =
#(g). TFigure 5 repr the of ori ion angle ted
from the flow direction) on the velocity gradient for different concentration
of the polystyrene solutions (M = 3.3 X 10°) in dioxane. For some con-

jons, the ori ion angle with i ing ¢ is changed from posi-
tive values region to the negative values region. At velocity gradients
where the solution birefringence changes in sign (An = 0), the orientation
angle changes sharply. In this region of velocity gradients, a very sharp
change of sign of the derivative de/dg takes place.” ‘da/dg, with increasing
g, is changed from negative values to positive ones and then-again becomes
negative.

We think that the observed dependence of & on ¢ in the velocity gradient
region where the negative intrinsic anisotropy is compensated by positive
form anisotropy has a direct relation to the theoretical results of Copit’s—
work.” Copi& has shown that in solutions of macromolecules which have
& significant internal viscosity in the solvent in which the absolute value
of the negative intrinsic anisctropy ©; approaches that of the positive form
anisotropy ©,, abnormal behayior of the intrinsic orientation number
[0] = (de/dg) o is possible. Witlra change in the refractive index of the

==

solvent, [w] may become equal to zero. and may -change- its:sign in a& &
result of changes in the ratio €,/
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concentrations. data for several polystyrene fractions in bromoform. For
all concentrations and fractions, the points fall, within the limits of experi-
mental error, near the same value, ©, = —87. X 10=% cm.®
1t should be pointed out, moreover, that the scatter of values for a given
fraction is far less than for a given concentration but different fractions.
Recently, Peterlin® proposed another empirical formula that tak

to which the multiplier [ 71] “/9].7 in equation (12) must be replaced by
)%/ [n1% 3 L1)/e. Forpolymers of mean and low molcou.
Tar weight: . Beterlin’s for mala is equivalent to ours, but for high molecular
weight specimens its accord with experiment is somewhat less.

6. THE CONCENTRATION DEPENDENCE OF FORM ANTISOTROPY

When the birefringence of a solution of finite c
a solvent allowing the s
tion, equation (8) must be replaced by
[n]* 31%7{1’_( 3
)0/ 4r \mj+ 2

)2 =0:+ o] (13)

where ©; is the effco
tion of a given concentra 0} differs frem Oy, the form anisotropy at
infinite dilution because of the already mentioned optical interaction of
the macromolecules.

The substitution of the experimental values of [2]%, [7] and /7, fora
polymer {raction into equation (13) permits calculation of the sum €, +
6, for this fraction in a given solvent at a fixed concentration. Though 8;.
docs not depend on the molecular weight, the solvent (cf. Tig. ), or the
concentration, the éxtraction of ©, from the mentioned sum gives 6;. The.
values of ] obtained thus for a fraction of poly-p-tert-butylphenyl-
methacrylate with 37 = 6 X 10° in several solvents are plotted in Tigure
9 as functions of the concentration.

Tigure 10 represents the concer 1 of the ratios ©]/0,
obtained for several fractions of polystyrenc in dioxane and butanone (from
the experimental data of Figure 7).

The observed decrease of the effective form anisotropy with increasing
concentration can be estimated by means of the following general con~
siderations.

The expression for 0, which is determined by the second member of
equation (2) is obtained from formula (1) which gives the difference be-
tween the refractive indexes of the macromolecule m, and the surrounding
medium (n,) in an infinitely dilute solution.

In a solution of finite concentration ¢ (in g./cc.), the effective refractive
imdex of the surrounding medium, n, obviously differs from 7, having a
value somewhat between 7, and 7.

The mean macroscopic dielectric constant of the solution, z is obviously:

o ve
H=e (1 - -v—) T+
. m

\ction of volume occupied by the molecular coils.
copic refractive index of the

o5

because ve/m is the fi
Accordingly, the square of the mean macros
solution is:

N o v
ni 4l —n)-—
m

The most rough appr: ion would be to seL 2y equatl'ti
such a case at-a-volume concent m = 1, when the molecular coils:
are filling the entire volume of the solution, 7, as follows from (14), would
equal 7, and the shape cffect should be absent. Tn reality, however, the-
mass distribution within a coil is not uniform, and its density decreases
from the center to the periphery; it follows that the asymmetry of the
field of the segments within the coil, which gives rise to the shape effect,
must remain even when the equivalent molecular ellipscids are " ‘in con-
tact.” In other words, n; cannot be equal to #,, and n; must differ from
n,, more than n,.

By analogy with equation (14) it is natural to assume that
n2+ (02 — n)-Pec/m) (15)-
where F(vc/m) is an unknown function of the volume concentration of the
molecular coils in the solution.

Thus the effective difference of the refractive index cf the coil 7, and the.
surrounding medium 2] will be

n: — nyt = (0 — 22 [L — Fec/m)] (16)
then it follows that

0= 6,1 — Foc/m)} an

where v = (0.36/¢) [n]- 14, vc/ym = (0.36/¢)-Na4-[n].c = [7]-c. Expanding
the function I into series one can write:
= 0,1 = ks[n]-c + kaln)e® + ...) 8y

where &y and ks are interaction cocfficients. Equation (18) must be com-
pared with experimental curves (Figures 9 and 10).

Tt follows from (18) that the relative initial slopes of the curves in Figures
9 and 10 must be proportional to the intrinsic viscosities of the correspond-
ing polymer-solvent systems:

1 (zze,) _
dc/)

The feasibility of equation (19) for all explored s
Tigures 11 and 12 where the relative initial slopes of Figures 9 and 10 are,
plotted against the intrinsic v sity of the corresponding systems. It can
be seen that for either a given polymer in different solvents (Fig. 11) or

¢for fractions of another polymer differing in their molecular weights by a
factor of 50 (T'ig. 12), the points fall on straight lines, with slopes giving
Ky = 0.40 for p-t-BPhMA and K; = 0.38 for polystyrene.

Thus equation (18) — at least in the region of moderate-high concentra-
tions — proves to be enough universal. It is interesting to point out that
the interaction constant of: the macromolecules, K;, approches the hydro-
dynamic constant X’ in the well-known Huggins’ equation.

-] (19)

ystems is shown in

In this paper, in addition to data from the sources cited in the references, some experi-
mental results obtained by fellows of the LN. ".1.G
and V. hkova, were also used.

The authors are indebted to Dr. O. B. Ptitcyn for a fruitful discussion of some prob-
lems mentioned above.
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Synopsis —
In this paper are presented new resulfs obtained during further experimental and
theoretical investigations of the form effect in the dynamic double refraction of polymers
in solution. The use of the dumbbell theory of W. Kuhn'for flexibile chains in solution
and of the optical model of an equivalent ellipsoid for the macromolecule, permits the
formulation of a theory of flow birefringence which takes account of the form effect for
a wide range of shear rates. The conclusions of this theory are compared with new
experimental data obtained in a study of d p-tert.
in difforont solvents. T the rango of low shoar rates and: concentrations, the theory it
found to be in a good accord with experimental results. On the contrary, the study of
the double refraction of several polystyrene fractions in dioxane.in-a wide range of shear
rates and less d immable i the flow than

e

shows tha are
it follows from the dumbbell theory for ideally ﬂpuble chkxM new phenomenoh wag——- ST AT

angle on the shear

rate of flow in the range of shear smsses at “}nch che birefrirgence changes its sign

because of compensation of the positive shape effect by the negative intrinsic anisotropy
of

effect. the of flow shows that
thxs depvndenLe is due to two hy ic and optical i jon of the
The optical i ion is only for those sohutions in which

the form effect takes place. A simple theory of concentration dependence of the form
effect is proposed which is in good accordance with experimental data.

Discussion

A. Peterlin (Zjubljana): 1 must congratulate Frof Tsvetkov on the many new results

on streaming and on its and gradient he was
Zble to obtain.  Sinee the behavior of the orientation angle cannot be explained by the
model of the soft molecule, I would like to ask Prof Tsvetkov whether the results can be
located between the limits of the soft coil and the rigid ellipsoid: The calculations for
both limits were made some time ago by Copié and Kuhn. In that case, the experiments
can probably be interpreted by the model of the semi-rigid coii, may be in terms of the
theory presented by Cerf. When, however, the experiments are not between those
limits, the situation is more complicated and would require a further extension of the
theory.

The disagreement between theory and experiment is also partly due to the poly-
dispersity of the samples which influences the streaming birefringence and the orients
tion angle in a completely different way as was shown a very long time ago by the in-
vestigations of Sadron.

V. N. Tsvetkov (L ‘The behavior of ol
served and described by us, is spccxﬁc only for solutions, in w hwh the shape emm equals
in magnitude und differs in sign from the intrinsic anisotfopy effect.

Since we remain within the limits of Kuhn’s dumbbell theory corrected for the shape
effect by Copié and the present authors, one can conclude that one deals with an inter-
mediate case of half-rigid coils. Indeed, for fully soft moecules the above mentioned
behavior of the orientation angle cannot take place, for, as Copié has shown, for such
molecules the presence of the shape effect doos not change the course of the orientation
angle. On the other hand, the by us cannot be
rigid, because their deformation in flow is quite obvious, appearing as the reversal of the
sign of buel‘rm(,cnce \u',h increasing shear rates (the Fnsmzn effect).

The lues of streaming bire-
fringence for absolutely soft molecules [equations (6) and (10)] and the experimental
data obtained for fractions of various molecular weight can be understood in terms of
Kuhn’s theory, ¢ assumes that the molecules under study are half-rigid, and that
the degree of their rigidity (internal viscosity) diminishes with augmenting molecular
weight.

It is difficult to say whether one can interpret the foregoing phenomena in terms of
Cerf’s theory, for in it the different dependence of the intrinsic anisotropy and shape
effects on the shear rate is not taken into account.

- |
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Fig. 1. Dependence of ¢(8) on 8.

Fig. 2. Relation between dynamooptical constant [n] and refractive index of solverts
for poly-p-tert-butylphenylmethacrylate.

1T e e

Fig. 3. Relation between ratio [n]/(v] nnd ratio M/ v] !m- polystyrene in three sol-
wents. 1. Bromoform: a — 4 X 10~% cm.%; 2. Dioxane: a — ax =
* =148 X 10-% em % ¢ = 2.35 X 10%; 3 “Batanone: e — e = —152 X 10-%.cnl%
& =240 X 108,

L enat

gl see™

Fig. 4. Relation between double refraction of flow, An, and velocity gradients, g, fof
polystyrene (M = 3.3 X 10) in dioxane. The numerals at the curves indicate the con~
centrations in g./100 em?®

=

{
o!
aN

«30} ./ 0

Fig. 5. Relation betreen orientation angles; &, and velécity gradients, g, for Foly-
styrene (3 = 3.3 10%) in dioxane: The numerals at the curves indicate the concen~
trations in g./100 joky
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 Fig. 6. Relatjonghip between flow birefringence (4n/c)e — o of infinitely dilute solu-
tions and the orientation parameter 8 = (M/RT).[].70.g for polystyrene fractions,

Butanone
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5
M) 10

Tig. 7. Relation between fiow birefringence in region af small velocity gradients
{An/g)g — o an for fractions of n dioxane and butanone.
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Fig. 8. Intrins

of in solutions of different
concentrations: Solvent, bromoform.
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\ Dioxane
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Dichtieoelthane
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Fig. 9. Relation between form ani of and ion C for
poly-p terb-butylpheny].meﬂmcqln.w in various solvents.
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Fig: 10, Relation betieen restive form u,huotmpy, 0,4/0; 2 n.nd concentration for solu-
tions of polystyrene fractions. (1) M = 8.15 X"10% in dioxane; (£ 10° in

 dioxane; (3) M =.1.5 X 10 )ndm:um @M x 6.X 10%n bulanone, and (5) ML%=
"11.1 X 10%in butanone.
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Mutual Solubility of Polymers and Properties of

as Their Mixtures

°

G. L. SLONIMSKIT, Chemical Science Section, Academy.of Sciences of~A
A

; 02 ” ' 1.8.S:R., M 158
o it q TR VR T) e the U.S.S:R., Moscow, U.S.S.E.
iz 1. Relation between initial slopes of the " [ STAT
ooy, 1 (2 o concentration dependence of the form

o | ndintrinsic viscosity of soluti v
phenylmsthacrylto i various solvents (3 = 6 i 1:: e b el etk L NTROBTEO

i = #): (1) ethyl " it 7 71 s i s

@) tetabromocthane; (. S S @ yl_aceta(z;:) (2) dioxane; 1 a homogeneous mixture of two polymersis o be obtained, both com-

ponents must exhibit fuidity. Tt is, therefore, necessary, first of all to
Pualyze the process of mixing of two amorphous linear polymers capable
of true ble deformation. However, though the mixing
of two suoh polymers, from the thermodynamic point of view, constitutes
he maatual solution of two liqaiid phases, it does not, in fact, take place
cpontancously, since the exceptionally high viscosity of polymers? results
o pegligible rate of diffusion of the long-chain molecules, even at elevated
temperatures. TFor this reason, special procedures (mixed milling, evapora- —
Gomoot solvent from mixed solutions, ete.) are used to obtain polymer mix-
fares which exhibit no heterogeneity, even when examined by means of a
good optical microscop:

Tt 1o, however, quite evident that, should two polymers be mutually

Tuble, the sp ‘of such artificially prepared mixtures
into macroscopically distinet phases must proceed ab infinitesimal rates as
o esult of the enormous viscosity of the system. In such cases, the fle:
, ) bility of the chain, which pérmi atively rapid-translation-of indi-
vidual segments of the chaimis an important factor. This property of
“hain molecules will result in a process by which the mixture of mutually
e fuble polymers becomes resolved in extremely small volume elements,
o b the formation of two types of regionis whose composition ¥ il accord
' the thermodynamic conditions of phase separations. 2=5 Such mix-
_bures of two amorphous polymers structurally closely resemble erystalline

polymers, which are also microheterogeneous. In both cases, the dimen-

Sons of the regions differing in phase character formed by the segregation
- K=038 of sogments are considerably smaller than the length of the chain mole~
cules.

For this reason, the macroscopic miscibility of two polymers is by no
means equivalent to their mi i ibility, i.c., to true mutual solu-
bility of the polymers.

Fig. 12, Relation betwesn Lanial slo ) 300 w0 . Tn connection with the two different possibilities of mixing, the problem
anisoteopy, 1 o, opes of the concentration dependence of the form arises (_:f the effect: o{ th? nature of mixing on the physical p‘\'opexbxes poly-
HSOOPY: o, de Jed and intrinsic viscosity of solution: mer mixtures. In addition, it is nece: ary to determine in which cases true
tions in butanone and diovane. ns (7] for polystyrene ffac- mutual bility of fwo polymers may be expected. According to current.
- theory, the(@;ltuu\ Rbility of tWwo P i ost entirely

by the sign Of fhe heat of mixing ¢ Since it may be anticipated that, in
the large majority of cases, the mixing of two polymers be endothermic,
true mubual solubility of polymers should be rare. In fact, the mixing of
solutions of various polymers (in the same solvent) has been shown,# as'a
Taile, to lead to the separation of two layers, i.c, 1o phases. It seemed im-
portant to,determine experimentally the heats of mixing of various poly-
mers and @rmﬁ - the—vrtues-feund-with. the properties of mixtures of
Those polyimiére and the behavior of mixtures of their solutions.

300

o
o -1 5

200 w00

JI. EXPERIMENTAL

Direct measurement of the heat of mixing of two polymers is practically
impossible because of the high viscosity of such systems. However, its
ot mmy be determined with the aid of Hess’s law ‘of the independence of
heat effonts on the particular path chosen. Thus, for instance, by measuring
the heat @ evolved when 1 gram of pure polymer A and 1 gram of pure
polymer B are dissolved together in a large volume of solvent, and the
heat Q) evolved when 2 grams of a ma oscopically homogeneous 1:1
mixture of polymers A and B is dissolved in the same amount of solvent, we
may determine the integral heat of mi: ’mg(Q,

Aand B. >

per unit weight of polymers

Q=@ —Q

The author (together with G. V. Struminskif) has carried out detal

determinations of the heats of solution.o! arious polymers and their mix-

tures.*® From the results obtained; thd egral heats of mixing were
calculated according to the formula:

Q=@+ @+ &~
where Q, and Q. are the heats of solution per gram of polyme
respectively, in 100 graas of the pure solvent, s is the heat of mixi

o elutions of polymers A and B, and Quis the heat of solution of a mix-
ture containing 1 gram of polymer A and 1 gram of polymer B in 200 grams

!
of the pure solvent. STAT
TABLE 1
Intrinsic. Viscosities of Polymer Solutions
Solutions -
] Abbreviated Intrinsic i
Polymer Solvent .  viscosity |
:
Sodium butadiene rubber SKB! Benzene

Butadiene-styrene rubber SKS-30
X NE .
—Acetono

N. Cell
Ac.-cell (56%)

Cellulose acetate (

Cellulose nestate (ac. gr- 48 ‘Ac. Cell (48%) «
Benyleellulose B. Cell Chloroform 1.40
Polystyrene' J oo Benzene 2.90
Ps* “ —
ps « .
PVAc Acetone 177
PVAc? « 1.92
PMA « 3.30
Polybutylacrylate PBA “ 1.00
‘Polymethylmethacrylate PMM “ 1.30
dimethacry PBM “ 5.10

“ The superseripts r
» Molecular weight

Table T characterizes the polymers used; Table II records the experi-
mental heat values obtained; and Table ITT shows the behavior of solutions
of pairs of polymer in the same solvent on oixing.

As may be seen from these data, in all cases where the mixing of the
polymers is endothermic, mixtures of their solutions separate into two
phases. However, when the process is exothermic, the two solutions do not
always form a single phase as would be expected on the basis of current
theory.t The- systeris anomalous in. th respect are o polybutadiene-
butadiene-styrene copolymer (30% tyrene) and polybutadienc-poly-
styrene these systems will be cons red later.

| { i .
} } ‘ | ‘ ‘ . ;
Declassified in Part - Sanitized Copy Approved for R

elease @ 50-Yr 2013/10/24 C\A—DP81—0143R002400100057




I P S B S I S SIS B RSN N UL 1 S
ied in Part - Sanitized Copy Approved for Release @ 50-Yr 2013/10/24 : CIA-RDP81-01043R002400010005-5 =~ = . o

69527 Jour Polymer Science - St. 11 + Formulag
A-8A by 27 P~ 5-26-1958 - 9-BIRD
PROD NO P-41

-copy 114.gal3- 10 00 12:

“\with the non-pol di diene-st and natural rubbers, and; .
, second mixtures of two non-polar rubbers, polybutadiene (SKB) ‘and, STAT
fural rubber (NK)3it seems evident that the systems of the first group
&7 //are microheterogencous (as & result of phase separation in micro-regions),
Tt Heat . I/ While systems of the second group represent true polymier-in-polymer solu-_
of of Yions, The behavior of solutions of the corresponding pairs of polymers o
mixing fully confirms this assumption.

TABLE IT
Integral Heat of Mixing of Polymers

mixing solution

of of TIn this connection, particular interest attaches to the systems polybuta-.

Toly- di diene-st; pol (SKB-SKS-30) and. polybutadiene-
°r polystyrene which, as has been mentioned, show distinct extremes in the

solu-

Commor  tions, property-composition curves (¢f. Tigs. 2, 4, and 5) and phase separation,

when mixed in solution, but nevertheless exhibit an exothérmal effect on

Heat of solution of polymer

a, Q. solvent Qs

pagmer - 2 by cal/  forboth - eal/ mixing (¢/. Table II). This behavior, though at first sight incompatible

ymer & olymer g polymers . %g ith the general theoretical view, dan be readily understood on'more detailed

SKB!  —1.55 SKS-30 —0.73 Benzene 0 analysis.

BRI I o 0 Ttie ovident that, since a mixture of solutions of SKB and SKS-30 sepa~.
SKBs  _1.66 Ethylbenzeno e o« g rates nto two phases, the mixing of these solutions requires the absorption,
NK T2as SKB it o« 3 5 heat (though the absolute value of the effect may be small). The ex-

NK —2.38 SKS-30 —0.73 «© o tremes on the property-composition curves of the corresponding rubbers;
B.ogll  +3.47 PS 16.88 Cydohex= 0 how equally clearly that, in the course of preparation of these rubbers,

anone soparation of the system into two phases in microregions occurred, this

the same for polystyrene and for but to differences in the
O olar arrangement of SKS-30 and polystyrene on the one hand, and of

B ail +8.95 PS? +3.06 Chloroform * @ Separation being fixed by vulcanization. Hence, ut the temperature of;

.cell +18.78 Aec.cell (56%) +10.65 Acctone Q. i 2 o i

Nocell 18,78 'PVAci o8 s 0 | fommation of the rubber (143°C.), the mixing of the two polymers must also,

Ac. cell ! o ondothermic. Since the copoiymer SKS-30 contains phenyl groups but

- (56%) - +10.65 PVAch +0.68 * o | the polybutadiene SKB does not, the endothermic effect of mixing the two:
Ac. el ‘ o eubbers is in accordance with the known endothermic effect observed:
;;f’?’ +1g-65 gg:;“(“% “ :g» | on mixing low-molecular aromatic and aliphatic liquid hydrocarbons (e.g.s
PMA o - PMM « s | bongeno and hexane) and with the absorption of heat observed when SKBy
PBA  —0.2 ‘PBM “ o \ is dissolved in ethylbenzene (¢f: Table ID), a simple low-molecular model of
PMM +7.18 PBM « —0. polystyrene.. It follows, therefore, that the exothermic effects observed by
PYAe?  +0.18 PMM « —0. | us for the mixing of polybutadiene with SKS-30 or with polystyrene at
PVAct +0.68 PBA « —0.53 | room temperature are due not to intermolecular interactions, which are

|

TABLE IIT

* Beohavior of a Polymer Mixture in o' Common Solvent . ethylbenzene, on the other. These ‘differences have recently been revealed,
Mived soiution of T Dehaviorof the in & number of papers!— in which it was shown that polymers possessing,
Solvent solution mixture tvely rigid chain molecules have lower densities than should have been;
akE + ERS80 e Separaton iato two phases expected on the basis of the values for the qydmgenﬁed monomers and;
SKB 4+ SKS-30, Gasoline P the monomers themselves with the contraction on polymerization being;
SKB + PS* Benzcne « taken into account. For polystyrene, in particular, it was demonstrated:
SKB + PS « « that the release of heat observed when this polymer is dissolved in ethyl--
SKB + ethylbenzene “« Remains homogeneous benzene is due to the loose ar: t of the poly i 1 les at.
gﬁ i Zﬁi—so « Sncl’mﬂ:::l';ihl:':‘: ;mepu';“’“*: room temperature. It was also shown that butadiene-styrene copolymers.
B. coll + PS! Gyelohosanons  Soparates into two phases, retain the loose structure typical of polystyrene to an extent dependent on
B. cell + Chloroform “ their styrene content.%
N. cell + Ac. cell (56%) Acetone Temains homogeneous. The release of heafzon mixing SKS-30 or polystyrene with polybutadiene,.
N. cell + PVAct “ “ is, hence, due to a decrease i the tetal volume of these systems on mixing.
:c. Cc:: (56%) + A‘r;. cell (48%) “ Separates into two phases. Huweve‘l at above the softening-point of polysty (nbom;
! 6 rct « “ ) ¢ 0
Ao coll (o) + FVAC “ “ & £0°C. the loosemess of packing of these polymers disappears and, conse~
PMA + PMM - “ | quently, at these tempexatures there is no decrease in volume on mixing.,
PMM + PBM “ « | The positive component of the heat of mixing accordingly disappears, 5o
PMP& + PVAc? " “ that the sign of the overall effect becomes negative. It is'evident that,
IEEIJAE,*;’;,}“;“ (56%) M . Hhen solutions of polybutadiene are mixed with solutions of SKS-30 (or-
o, coll (48%) + PVAG « polystyrene) which have already undergone a decrease in volume during
PBA + PBM “ “ the process of solution, the heat effect on mixing 18 necessarily endo-
| esAtPBM - he neab X : by
= thermic. From these it follows that of
. e N diene with SKS-30 or with polystyrene must exhibit a lower critical tem-
To determine the effect of mutual solubility on the properties of polymer P A 5 e i i
ix . . s e perature of mixing in the neighborhood of 80°C. It must be borne in mind
mixtures, the author (togetl?er with N. F. Komskaia) has inv estigated the Dhat amy process involving a closer packing of the loosely packed polymer
broperties of raw rubber mixtures prepared from the mixture of two rub- e e the positive component of the heat of mixing and hence wilk
Sers, of unvuleanized rubber stocks prepared from two types of rubber, Tower the eritical temperature of mixingof the two polymers. In particular,
and of the corresponding combined rubbers The behavior on- mixing et an effect is to be expected from the plasticizing of the loosely packed
of solutions of the polymers was also The rial Dolymer by low-molecular solvents.
wére used: natural rubber (NK), sodium-butadiene rubber (SKB), buta- o also be noted that, in the case of polymers with flexible molex
diene-styrene copolymers with varylng amounts of styrene (SKS-30and cules whose arrangement differs but little from that of their low-moleculex
SKS-10), and a butadiene-actylonitrile rubber (SKN-18). Typical rubber Dolymer homologues, the heats of mixing of the polymers (per unit weight
Stocks with 50 parts by weight of carbon black per 100 parts of polymer or F the mixture) are the same as the heats of mixing of the corresponding
polymer mixture and a vulcanizing additive containing sulfur and _mer- a o Thus, the Lios obgerved with polybuta~
captobenzthinzole were used. Special attention was paid to uniform dis- ai KS.30 and polybutadiene- rene systems are Setic o
tribution of-the ingredients in the rubbers and thorough kneading of the Joosely packed polymers, i.c. pol;:mers with more rigid molecules. It is
i i ) 1.8y g
rubbers. The unvulcanized rubber stocks or rubbers obtained were sub-~ ovident that, in such cases, the volume contraction and the corresponding
jected to standard tests as well as to certain additional laboratory investi- heat effect may not be neglected in jcal i i .
gatiops. . Tn conclusion, we may touch upon some general problems whose detailed
The measurements showed that the dependence of a number of mechani- irentmont Ties eatside the scope of this communication.
cal properties of the rubber stocks and rubbers on the ratio of the com- Birat, of all, 3t should be noted that the application of thermodynamic
ponent polymers in the mixture showed well-defined extremes in the case relations and soneopts (¢.g., the concept of a phase) to systems in which the
of the com ns of o polymer (SKN-18) with Tealo of heterogeneity is smaller than the length of the molecules requires . STAT
p  (SKB) or the tyrene cOp r, SKS-30, and sorious critical analysis. This remark naturally applies not only to micro=
 also the combination SKB -+ SES:30; the system polybutadiene-natural h e vaor mixtures, but also to orystalline polymers which
Tubber, however, exhibited & onotonouy change in properties. By way have recently been discussed in detail, particularly from this point of view.!
of exmr}plc, Tigures 1, 2, and 3 record “h,e findings for certain mechu_mcn.\ Furthermore, the loose packing of polymers may be either an equilibrium
properties of rubb prepared from mixtures of polybutadiene wx_ch a or a non-equilibrium property, which further limits the applicability of
butadienc-acrylonitrile copolymer (SKB + SKN-18) or a butadienes thermonynamic concepts to such polymers.
styrene copolymer (SKB + SKS-30) and of natural rubber with butadiene Tt thoutd further be moted that, as it, has recently been chown, 52 in STAT
rubber (NK + SKB). Similar phenomena are observed in’ the case of addition to the normal flow of polymers which takes place via the thermal
other mechanical propertics. Thus, ¢.g., with a change in the ratio of the, motion of T the ohain molecules, the application of great mechani
componnts, the mechanical losses of the rubbers, shown in Figures 1 and o resses ey induce a flow by a second mechanism (*chemical flow™),
2, pass through maxima, while endurance to multiple bending passes which involves the rupture of chemical bonds in the molecular chain or
through minima (Fig- 9. N . network, displacement of the free radicals thus formed, and their recom<
Investigation of the viscosity (at 100°C.) of the raw rubber mixturesy bination. Similarly, it is necessary. to distinguish between mixing of twg
and of the unvuleanized rubber stocks showed that this property, t00, polymers which takes place without any alteration in the chemical struc-
passes through a maximum with respect to dependence on the composition’ ture of the polymer and that involving changes in the chemical structure
of the mixture for those cases in which the corresponding combined rubbers and ition of the O lles. Obviously, the formation of
exhibit the extremes mentioned above. However, in tho system butadiene block and graft pol by ical 4 is a special case of this
rubber (SKB)-uatural rubber (NK), the viscosity-composition curve shows seoond type of mixing, In this paper, only processes of miking not involv- STAT
= tonotonous character. For example, the appropriate curves for four fng approciable changes in the chemical structure of the polymers have been
combined mixtures of raw rubbers and the corresponding unvulcanized i d i igations by the author (together with E. V.

W I s
rubber stocks are shown in Figures 5 and 6. Reztsova) have shown that mixing of two mutually insoluble polymers,

o soost of this work was carried out with combined rubber and not o e by the drastic action of mechanical factors and, hence,
vith mixtuces of pure Taw rubbers, it was necessary to verify the effect of e dad by ehemical changes, may result in the isappoarance of extremes
the additives, particularly the filler, izing additive, and plastici on the property-composition curves and of phase separation normally ob-
The ivestigation showed that the presence or absence of extrames on the O b DD such polymer mixtuses. It is evident that these
property versus ition curves was ined solely by the polymers changes, under such reaction ‘conditions, are due to the formation of a
B e, though the valtes and positions of the maxiza or miniua might; - e o eopolymr from the two mixed components.

“be affected to some extent.’® . Finally, it should be noted that the s ted with crystalli

tion in mixtures of two polymers have not been tquched upon in this paper.
TII. DISCUSSION

The investigation of mechanical properties described above showed that

o rabber mixtures, mixed rubber stocks, and rubbers prepared from

‘) mixtures of two raw rubbers fall into two groups: one includes those sys-
toms in which the dependence of various properties on the ratio of the

/" polymeric_components is highi . the other includes systems which show
¢ monotonouk changes in properties. “Since the first group includes systems
ok as miktures of ‘the polar butadiene-acrylonitrile ‘copolymer, SKN-18
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Synopsis . | Fig. 1. Meshanical cliaracteristios of combined rubbers prepssed from mixtures of- -
Heats of mixing of polymers with each other have béen messured, the behavior of the: e e s e Ao ey o (3) residual
) ; (4) resistance to tearing; (5) modulis at 20077 (6) modulus at 300%. Re-

ritnas of solutions .of various polymers has been studied, and the dependence of e
P ehanical properties of polymer mixtures on the ratio of components has been investi- dstance to breaking is related to the cross section@@@y/at the moment of rupture; the,
gated. It bas been shown that mixing of polymers with each othier is usually an éndo- modulus at 200% and modulus at 300% designate stresses related to tho initial cross
thermic process and, therefore, leads to formation of macroscopically homogenous, but section area at 200 and 300% elongation. *
R tually mioroheterogenous, systems with an extremely high degree of dispersion. These
e ehstarogonous polymer. mixtures are formed because of the enormous viscosity of
polymer mixtures, which prevents macroscopic separation ito phases bt does not hinder.
e considorable mobility of the segments of flexible chain molecules. It has been shown
that the dependence of mechanical properties ‘of microheterogenous polymer mixtures

maxima which canxiot be found in the

STAT

~on-the ratioof poly A TRE TOXUUTE
O et tau polymers in pelymer solutions. Xt has b
lymer pairs i in th rmal mixing is y
‘£He solution mixture-into phases and by the ‘appearancelof maxima in the dependences
of the properties of polymer mixtures on the ratio of polymers in the mixture. This
nomaly has been attributed to the effect of loose packing of the molecules of the polymers
S ielshow anomalous be havior. It has been shown that, in thes systems, thore necessar:
Sl exists a lower critical temperature of mixing whose value can be decreased by adding
T alocular solvents to the loosely packed polymer. Attention has beon drawn i
et that, although mixing of amorphous polymers should be considered on & thermo
Gynamic basis to be a mutual solution of two liquid phases, the large dimensions and thy
fonibility of polymer chain molecules Tequire a critical revision of the possibility o
i of the basic jc concepts and relations to a theoretical

formal
analysis of the behavior of polymer mixtures.

een found that the behavior of some
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| . Il(*'ig,vi Mechanical characteristics of combined rubbers prepared from mixtures of
NK wit SKB: (1) resistance to breaking; (2) relative elongation; (3) residual elonga~
tion; (4) resistance to tearing; (5) modulus at 200%; (6) modulus at 300%.
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g Fig. 4. Endurance of combined rubbers to multiple bending strain: (a) (1) SKS-30
2 . SKB; (2)SKB -+ NK; (3) SKS-30 -+ NK. (bj (1) SKN-18 -+ SKB; (2) SKN-
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Fig. 6.. Viscosity of rubber stocks prepared on the basis of combining two raw rubbers:

(1) SKS-30 + SKB; (2) SKS-30 + NK; (3) SKS-30 + SKS:10; (4) SKB + NK. ok
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Fig. 5. Viscosity of raw rubber mixtures prej i ini
: pared on the basis of combining twe
rubbers: (1) SKS-30 + SKB;- (2) SKS-30 + NK; (3) SKS-30 + SKS.10; (4) SKB.

STA




